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DIGITAL COMPUTER PROGRAM FOR GENERATING DYNAMIC
TURBOFAN ENGINE MODELS (DIGTEM)

carl J. Daniele, Susan M. Krosel, John R. Szuch,
and Edward J., Westerkamp

National-Aeronautics and Space Administration
Lewds Research Center
Cleveland, Ohio 44135

SUMMARY

This report describes DIGTEM, a digital computer program that simulates
two-spool, two-stream turborFan engines. The turbofan engine model in DIGTEM
contains steady-state performance maps for all of the components and has con-
trol volumes where continuity and energy balances are maintained. Rotor
dynamics and duct mementum dynamics are also inc¢luded. Altogether there are
16 state variables and state equations. ODIGTEM features a backward-difference
integration scheme for integrating stiff systems. It "trims" the model equa-
tions to match a prescribed design point by calculating correction coefficients
that balance out the dynamic equations. It uses the same coefficlients at off-
design points and iterates to a balanced engine condition.

Transients can also be run. They are generated by defining controls as a
function of time (open-loop control) in a user-written subroutine (TMRSP).
DIGTEM has run on the IBM 370/3033 computer using implicit integration with
time steps ranging from 1.0 msec to 1.0 sec.

DIGTEM 1s generalized in the aerothermodynamic treatment of components. i
This feature along with DIGTEM's “trimming® calculations at a design point i
makes 1t a very useful tool for developing models of specific engines having !
the same two-spool, two-stream configuration. Also subsets of the turbofan :
engine configuration such as a turbojet or a turboshaft can be simulated with
minor modifications to the Fortran coding. With extensive modifications to
the coding, arbitrary configurations can be modeled.

Included in this report is complete documentation of DIGTEM. Input
requirements, flow charts, modeling equations, and a test case are given along
with a 11sting of the user-written subroutine TMRSP. Finally the use of DIGTEM
to generate models for engines whose configurations are subsets of the general-
Yzed turbofan engine configuratioh 4s described.

INTRODUCTION

The development of aircraft propulsion systems depends, to a ¢reat extent,
on being able to predict the performance of the propulsion system and its
associated controls. Computer simulations provide the means for analyzing the
behavior and interactions of these complex systems prior to the building and
testing of expensive hardware. Simulations can also serve as alds in under-

standing and solving problems that arise after the propulsion system 1s
developed.
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Computer simulations can be elither generalized or specific to a particular
propulsion system. Generalized simulations are desirable in that they allow
for paper studies of many different engine configurations. Many generalized
digital engine simulations exist today. Most of them are Timited to steady-
state performance calculations for a fixed number of engine configurations
(refs. 1 to 4), But, since they are generalized, the user need only specify
which of the configurations 1s to be analyzed and supply the correct input
data. One generalized code, NNEP (ref. 5), lets the user build up arbitrary
configurations through input definitions. Another generalized code, DYNGEN
(ref. 6), has transient capability but 1s 1imited to the fixed engine con-
figurations of referencés 3 and 4 (GENENG and GENENG II). AYY of the general-
Yzed codes described have various 1imitations: they are 1imited to steady-
state calculations, or they have many but fixed engine configurations. Some
(DYNGEN and GENENG) are difficult to change, and none can scale its model
equations to reflect real engine data. Thus thére 1s a need for a computer
code that can do both steady-state and dynami¢ calculations, is flexible for
modeling various engine coifigurations, and can also be easily adapted to model
real engine data.

Such a generalized dynamic engine program has been developed for the
hybrid computer. That program is called HYDES (ref. 7) and can handle the
same fixed engine configurations as DYNGEN. However, by utiiizing the capa-
bilities of both the analog and digital computers, HYDES is able to provide
improved engine model fidelity and an interactive user environment.

Even when using the HYDES program, the development of hybrid simulations
is time consuming and requires experience in dynamic system modeling, hybrid
computer programming, and hybrid computer operations. To $impl1ify this devel-
opment process, a systematic, computer-aided approach for generating hybrid
computer simulations of a particular class of engine (V.e., two-spool, two-
stream turbofan) has veen developed (refs. 8 and 9). This approach features
more generalized aerothermodynamic models of engine :ompohents and automated
calculation of scale factors and simulation coefficients. Al$o a specified
operating point, designated as the design point, is used to scale the component
maps and to determine correction coefficients that will balance the dynamic
equations at the design point. This assures good steady-state accuracy at the
design point.

Despite the advantages of hybrid simulations they are generally not port-
able or eastly modified. Thus a digital computer model possessing the capa-
bi14ties of the hybrtd model presented in references 8 and 9 is desirable.

Such a model has beenh developed and 1s the subject of this report. The digital
portion of the hybrid model was retained and the dynamic equations that were on
the analog were added to the digital code. The model was also unscaled to make
it easier to modify or to integrate with controls. A numerical integration ..
scheme was added to provide dynamic capability to the digital program. The
integration technique is implicit and is well suited for integrating “stiff"
systems such as the turbofan engine model. The resultant digital computer code
As called DIGTEM for DIGital Turbofan Engine Model.

DIGTEM is generalized in a different sense than DYNGEN. DIGTEM, although
having only one engine configuration in the code, is written in modular form to
permit variations of the engine configuration (4.e., turbojets and turboshafts)
to be simulated. This provides more flexibility (at the cost of recoding the
Fortran) than DYNGEN, which 1s 1imited to a fixed set of configurations and
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which 1s difficult to change. Both DYNGEN and DIGTEM do component map scaling
to match input data at a design point. However, DIGTEM also calculates correc-
tion coefficients to halance the dynamic equations so that a steady-state
balance at the design point is generated, The same values of the carrection
coefficients are used at off-design points. If the coefficients do not balance
the dynamic equations at the operating points, DIGTEM iterates to a new
balanced engine condition. DIGTEM's flexibi1ity should allow 1t to be a useful
tool for engine dynamics studies and controls analysis.

DIGTEM has been run on the IBM 370/3033 mainframe computer with time steps
. ranging from 0.1 msec to 1.0 sec. Since DIGTEM util9zes an implicit integra-
tion scheme, the larger time ster. can be used to generate fast, stable, tran-
stent solutions. However, {f the time step is too large relative to the
smallest engine time constant, there will be a loss in dynamic accuracy.

This report provides documéntation of the DIGTEM program. Input require-
ments, flow charts, and modeling equations are provided. A test case is
included that makes use of a user-written, open-loop control subroutine, TMRSP.
Also, a complete users manual 1§ provided as a section of this report. Check
with COSMIC, University of Georgia, Athens, Ga. 30602, for the availability of

this program. Finally the use of DIGTEM to model turbojet and turboshaft
engines is described.

MODEL DESCRIPTION
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The engine model supplied with DIGTEM represents a two-spool, two-stream
augmented turbofan engine. Figure 1 shows a schematic representation of that
engine. A single inlet 4s used to supply airflow to the fan. Air leaving the
fan is separated into two streams - one passing through the engine core and
another passing through an annular bypass duct. The fan is driven by a low-
pressure turbine. The core airflow passes through a compressor that is driven
by a high-pressure turbine. Both the fan and compressor are assumed to have
variable geometry for better stabi1ity at low speeds. Engine airflow bleeds
are extracted at the compressor exit (statton 3) and used for turbine cooling
(flow returns to the cycle). Fuel flow is injected in the main combustor and
burned to produce hot gas for driving the turbines. The engine core and bypass
streams combine in an augmentor duct, where the flows are assumed to be
thoroughly mixed. Additional fuel is added to further increase the gas tem-
perature (and thus thrust). The augmentor flow 1s discharged through a vari-
able convergent-divergent nozzle. The nozzle throat area (statlion 8) and
exhaust nozzle area (station E) are varied to maintain engine alrflow.and to
minimize drag during augmentor operation.

ARIB,
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Figure 2 contains a computational flow diagram of the engine model. Al
symbols are defined in appendix A. The analytical model includes multivariate
maps to6 model the steady-state performance of the engine's rotating components.

. Flutd momentum in the bypass duct and the augmentor, mass and energy storage
within control volumes, and rotor inertias are included in the model to provide
transient capability. The complete engine model is presented in appendix B,

The integration technique used in DIGTEM is a backward-difference
(fmplicit) Antegration scheme that is well sulted for integrating "stiff
systems." A typical engine mode) will have time constants that differ by three
or four orders of magnitude. This requires the use of very small time steps
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when using forward-difference (explicit) Antegration schemes to insure stabi1-
ity. The backward-difference scheme uses a muitivariable Newton-Raphson 4tera-
tion method for convergence at each time point, A complete description of the
integration technique 1s given in appendix C. In DIGTEM the 1teratien vari-
ables correspond to the state variables. The 16 state variables are the

two rotor speeds N and Ny; the six stored masses W3, Wy, Wy q, Wg, Wy,

and Wy3; the six gas temperatures T3, T4y T4,9, Tg, Ty, and T13; and the

two mass flow rates w13 and We. The ordering of the state variables in
the state vector VS 1s important. The elements of VS and the corresponding

:t?%e derivative vecte VOOT are defined in terms of computer variables as
61lows:

VS(1) = XNL VDOT(1) = DXNL
VS(2) = XNH VOOT(2) = DXNH
VS(3) = W3 VDOT(3) = DW3
VS(4) = T3 VDOT(4) = DT3
VS(5) = W4 VROT(5) = DW4
VS(6) = T4 VDOT(6) = DT4
VS(7) = W& VDOT(7) = DW41
vVS(8) = T41 vDOT(8) = DTH
VS(9) = W6 VDOT(9) = DWe
VS(10) = T6 VDOT(10) = DT6
VS(11) = W7 VOOT(11) = DW?
VS(12) = T7 V0OT(12) = 0T7
VS(13) = WA13 VOOT(13) = DWA13
VS(14) = WGH VDOT(14) = DWG6
VS(15) = W13 VDOT(15) = DW13
VS(16) = T13 vDO0T(16) = DT13

The order of the state variables 1s set up such that the duct variables
and the core nozzle vartiables. are at the end. This facilitates the use of
DIGTEM for simulating engines other than two-spool, two-stream turbofan
engines. This will be discussed later. DIGTEM subroutines assoclated with
the integration scheme (ENGBD, TMRSP, ERROR, GUESS, DMINV, and BDPRNT) are
written in terms of the state variable vector VS and the state derivative
vector VDOT. The state variables and their corresponding derivatives do not
appear explicitly in these subroutines. The user must be careful if he or she
wishes to redefine the state variable order in DIGTEM. Subroutines ENGBD,
TMRSP, and BDPRNT are order dependent (the others mention..d above are not).

A1l three subroutines must be changed accordingly. This will be discussed
later.

Although the integration scheme featured in DIGTEM 4s a backward-
difference integration scheme, a forward-difference integration scheme (Euler)
s also provided (a user option). How to invoke the different options in
DIGTEM 1s described in the section USERS MANUAL.

USERS MANUAL

Simulatton Flow Diagram

The overall simulation structure is shown 1n figure 3 in the form of a
flow chart for the main program DIGTEM. First, DIGTEM writes out a heading
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identifying the type of engine being simulated. User data are then read in to
define the integration time step, printout interval, operating point, and tran-
stent duration. Next, INDATA 4s called to read \n component maps and steady-
state operating-point data., Both nonaugmented (dry) and augmented (wet) oper-
ating points may be input, By definition, the first dry point and the first
wat point are design points. Once the desired design point or points s speci-
fied, DSENPT 1s called to calculate the scaling coefficients for the specified
dry and wet design points. Next the engine parameters are calculated in ENGINE
and vectors are set up for the integration routines. Then BDINTG or FDINTG ts
called to generate transient results depending on which integration method is
desired. Once the transient is completed, the simulation 1s stopped.

Flow charts for the subroutines are shown in appendix D. The following
19st defines the functions of the various subroutines:

DIGTEM The main program for the simulation 1s used to control the $imulation,

BDINTG The BDINTG subroutine performs implicit integration of the dynamic
equations in DIGTEM. .This subroutine 1s discussed in detail in
appendix C.

BOPRNT The BDPRNT subroutine prints out either a short or a detatled output
when backward difference 1s used.

OCTINT. The DCTINT subroutine calculates the derivative of the duct flow and
performs a forward-difference integration 1f desired.

DMINV  The DMINV subroutine pérforms a double-precision matrix inversion of
the Jacobian error matrix.

DSGNPT The DSGNPT subroutine s used to calculate correction coefficlents from
design-point data. At the dry and wet design points the scaling
coefficients are calculated from input values of pressure, tempera-
ture, flow, etc. The correction coefficients are used to compensate
for small modeling errors (e.g., map interpolation errors or mis-
matched component models) and to give zero derivatives at the design
points. Additional coefficlients are calculated at the wet design
points so that a balanced condition exists in the augmentor at the
wet design (maximum thrust) point. This subroutine s discussed in
more detail in appendix B.

oucT Th$ DUCT subroutine calculates the duct integration constants and

osses.

ENGINE The ENGINE subroutine solves the turbofan engine mode) by using the
correction coefficients from DSGNPT and by calling the 14 engine
subroutines in order. This routine 1s called by DIGTEM to calculate
intttal conditions when forward-difference integration is specified.

ENGBD The ENGBD subroutine performs the same function as ENGINE but is used
when backward-difference integration 1s specified.

ENGY The ENGY subroutine calculates fan performance.

ENG2 The ENG2 subroutine calculates compressor performance.

ENG3 The ENG3 subroutine calculates continuity and energy balances in the
fan mixing volume and performs integration if not in steady state.

ENG4 The ENG4 subroutine calculates bBleed flows.

ENG5 The ENG5 subroutine calculates continuity and energy balances in the
c:mgressor.m1x1ng volume and performs integration if not in steady
state.

ENGS The ENG6 subroutine calculates the high-pressure-turbine performance.

ENG? The ENG7 subroutine calculates the continuity and energy balances in
the combustor and performs integration 1f not in steady state.

ENGS The ENG8 subroutine calculates the low-pressure-turbine performance.
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The ENGS subroutine calculates theé continuity and energy halances in
the high-pressure-turbine mixing velume and performs integration 1f
not in steady state,

The ENG10 subroutine performs continuity and energy balances in the
Jow-pressure-turbine mixing voiume and performs integration if not in
steady state,

The ENG1Y subroutine calculates nozzle performance.

The ENG12 subroutine calculates continuity and energy balances in the
a:ngntor mixing volume and performs integration if not in steady
state,

The ENG13 subroutine calculates the low- and high-spool derivatives and
performs integration if not in steady state.

The ENGY4 subroutine calculates duct parameters and performs integra-
tion 1f not in steady state.

The tRROR subroutine calculates the error vector for implicit
integration.

The FDINTG subroutine performs forward-difference integration of the
dynamic equations.

The FLCOND subroutine calculates ambient pressure and fan inlet total
pressure and temperature from specified values of altitude, Mach
number, and sea-level ambient temperature.

The FOOR subroutine indicates when data input to a function is out of
range of the function data. It alse indicates if the impli~it
integration routine is generating a Jacobian matrix. If MATRIX = O,
the routine 4s not.generating a new matrix and the data should be
checked.

The FUN1 subroutine does a single-value interpolation.

The FUNIL subroutine is called following the c111 to FUN1 when the same
pair of breakpoints can be used to compute a second function value.
The GUESS subroutine updates..the guess vector for the implicit integra-

tion scheme.

The INDATA subroutine initializes and reads in map data.

The MAP subroutine does a double-value interpolation.

The MAPL subroutine 1s called following a call to MAP when the same
four breakpoints can be used to- compute a second function value.

The MOOR subroutine indicates when data input to a map are out of range
of the map data. It also indicates 1f the implicit integration
routine 1s generating a Jacobian matrix. If MATRIX = O, the routine
s not generating a new matrix and the data should be checked.

The NOZZL subroutine calculates nozzle performance for both subsonic
and supersonic flow conditions.

The PROCOM subroutine calculates the values of JP-4/air thermodynamic
properties based on supplied values of temperature and fuel-air
ratio. The thermodynamic properties are the specific heats, the
specific heat ratio, and the specific enthalpy.

The SPLINT subroutine calculates the spool speed derivative and
performs forward-difference integration {f specified.

The SPOOL subroutine calculates the spool integration constant from
the moment of inertia.

The TPRINT subroutine prints out short or detailed output when
forward-difference integration is used.

The TRAT subroutine calculates the isentropic temperature rise param-
eter based on specified values of pressure ratlo and specific heat

ratto.



VOLINT The VOLINT subroutine performs continuity and energy integrations for
forward-difference integration and forims derivatives for the
_backward-difference integration,
VOLUME  The VOLUME subroutine calculates contro) volume stared mass by using
the ideal-gas law.

A final subroutine TMRSP s user written. It defines open-laop controls as a
function of time for transient operation.

Program Setup

Data are input to DIGTEM via three methods. First, all component map data
and operating-point data are specified in an input data sut; second,
integration routine selection, integration time step, printout options, and
transient data are specified in the main routine DIGTEM; and third, open-loop
controls are specified 4n a user-written subroutine TMRSP.

Input data set. - The dnput data set supplied with DIGTEM 45 shown n
figure 4. These data are read in by the main program DIGTEM and by subroutine
INDATA. The first 14ne contains constants for the fraction of turbine cooling
bleeds that perform work for the high- and low-pressure turbines, respectively.
For the test case the constants are KBLWHT and Kpiwit and the input format

¥s (5F12.5). The next six sets of data are component maps that are normalized
to dry design operating-point values.

Before the contents of each of the component map data sets are described,
a general discussion of the data input procedure s presented. Figure 5 shows
an example of map data where there are three common functions of the indepen-

dent vartables. The first 1ine of the data contains five numbers in (513)
format. They are

MAPNO NCV NPT NFCT NCOM

where MAPNO 1s a map number to be used in the Zy = f4 (X,Y) function call;
NCV 1s the number of curves Y on the map; NPT 4s the number of points (X,2)
on each curve; NFCT s the number of common functions Zy of the same
independent variables; and NCOM 4s the switch to indicate that the X break-

point values can be used for all of the NCV curves. (A zero indicates that.._.__.

the X values are different for each curve,)

The next 1ine indicates the formats to be used in reading the remaining
map statements. A (BX,7(4A2)) format is used to specify the formats of (1)
the X values, (2) the VY values, and (3) the Zy values. The remaining
14nes in the data set contain (in order) the Y values, the X values for
the first curve, the 2y values for the first curve of each function, the
X values for the second curve, the Zy values for the second curve of each
function, and so forth. For those functions where each curve can be defined
by exactly the same X values (NCOM = 1) those X values need be only input
once immediately following the Y values.

Now, returning to figure 4, the first Input data set is for the fan
variable-geometry effect. This map gives the adjustment to the value of cor-
rected fan airflow due to off-schedule geometry. The effects are modeled as a
bivariate map with fan variable-geometry position and fan corrected speed as
the inputs. That 13s,
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The first 1ine of data s

1 14 N 1 0 (understood)

Thus the map humber 1s 1{ there are 14 curves; 11 points per curve; 1 function
of 7 for each X value;

and 0 Vs understood to be the NCOM switch value., The

next 1ine indicates the formats for reading the data. Lines 3 and 4 are the Y
1ines 5 and 6 are the X values for curve )

(the FVGP values - not normalized), and Vines 7 and 8 are the Z values for
curve 1 (the flow shifts). Lines 9 and 10 are the X values (FVGP positions)
for curve 2, and 1ines 11 and 12 are the corresponding flow shifts. pata for
12 more curves of flow shift as a function of FVGP and speed follow. Note
that the twelfth value of Corrected speed 1s 1.000. Therefore the correspond-
ing curves (14nes 49 to 52) pass through the design point (X o 1.0, Z = 1.0),

The next set of data defines the compressor variable-geometry effects map.
This map gives the shift in corrected airflow due to off-

schedule compressor
geometry. As 1s the case of the fan, the shift s assumed to correlate with
actual variable-geometry position and corrected speed:

. 1/2
.2 = Fz (?VGP' "H’°2.2) (2)
The first 1ine of data is

2 14 n ] 0 (understood)

which 1s similar to the fan variable-geometry data.

The 2 corresponds to the
map number. The next 1ine 4s again the formats for r

eading the data. Lines 3

The next data set s the baseline (scheduled FVGP) fan performance. Here
NFCT = 4; thus there are four maps with the same input values. Lines 3 and 4

are the normalized fan speeds NL/eglz. Lines 5 and 6 are the fan duct

pressure ratlos Py3/Py5. Both input values are normalized to the design-
point value. Lines 7 and 8 define the corrected fan flow curve for the first
corrected speed (0.3000):

P.. N
() -f (13 L

~75 (3)
“fan,m B\Py "’ 9;/2

In addition to the corrected flow map there are thr

ee other maps associated
with fan performance, They are fan tip region eff

clency

A3 L
"tan,00 = o | 5" 373 (4)
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the fan t1p region pressure ratio. ORICINAL PAGE 5
. g \ OF POOR QUALITY
, T §lg' 172 (5)
2 s 02

and finally the fan hub region efficiency

P.n N

A3
"tan,10 * 10| F, " 017 (6)
2

The next set of data s for the baseline (scheduled CVGP) compressor per-
formance. Hers NFCT = 2. Thus there are two maps with the same input vari-
ables, namely pressure ratio and speed. Lines 3 and 4 are the normalized
corrected speeds NH /@;{g. Lines § and 6 are the normalized compressor
pressure ratios P3/Pp 2 for the first speed (0.700). Lines 7 and 8 contain
the corresponding compressor corrected flows for the first speed:

P N
W) et = s (N

¢ MyP, o' 172
c’" 2«2 62.2
The second map,. for the compressor is the compressor efficiency:

P, N
S H__
1u\p, 5 a7 (8)

= f ]
2‘2 92.2

"c

The next set of data 1s for the high-pressure-turbine performance. Here
NFCT = 2. Thus there are two maps. In this case, NCOM = 1. Hence al) curves
for both maps are defined by the same pressure ratio breakpoints. Each map
has eight curves with nine points per curve. Line 3 contains the eight

normalized speed values "H e;/g. Line 4 contains nine normalized pressure
ratio values P3/PS.%. Line § defines the-normalized flow parameter curve
0.7

for the first spee 129): g
N
. 4.1
(W) =f (9)
g 14 P4 ’ T1/2

Line 6 defines the first curve of the map (%.e., the turbine enthalpy drop
parameter):

-7 (10)
Py~ 18\ P 172

Lines 7 and B define the same two maps at the second speed (0.7548). Note that
the same pressure ratio breakpoints are assumed for all speeds.

. wma e



The final set of component map data \s for the low-pressure-turbine per-
formance, The data are organized in exactly the same way as those for the
high-pressure turbine, Line § 4s the normalized flow parameter for the first
speed (0,4076):

. P5 N
(w,) = f

T - (1)
LT LA L/ T;’f

and Yine 6 1s the normalized turbine enthalpy drop parametor:

Py N
(hp)LT " fi Per’ Tl’f

After the component map data are read in, a blank 1ine must be inserted.
The next set of input data are the bias values for the fan and compressor
variable geometry. Theseé values are subtracted from the actual variable-
geometry position values in the simulation so that inputs to the flow shift
maps are always positive (a requirement of the interpolation routine). The
blases are 0.000 and 4.000 for BSFVGP and BSCVGP, respectively, and the format
¥s (2F10.0). The next two numbers are the number of dry and wet operating
points (NDRY and NAUG, respectively) to be input by the user. The format is
(1X,2(12,2X)).

The following number is a label for designating the operating point
(POINT). The format is (9X,I3). The first operating point s assumed to be
the dry design point. The operating-point data are organized as follows:

PO P2 P13 P22 P3
P4 P41 P5 P6 P7
TAM T2 T3 T22 T3
T4 T4 T6 T7 WA2
WA13 WA22 WA3 WG4 we4
WGé W67 DH4 DH4Y. ETAB
ETAAB FN XNL XNH WF4
WF? AB AE ALT XMN
CON CVN FVGP cvap FG

The format is (5F12.5). The next set of variabies read in are the physical
volumes, reactances, and rotor moments of dnertia: .

V13 V3 V4 LY vé V7
AQL13 AQL6 XIH KIL

The format is (6F12.5). The fina) values read in for the operating point are
the fan tip region, fan hub region, and compressor efficiencies:

ETAOF ETAIF ETAHC
The format 1s (3F12.5).

The following sets of data contain additional dry-operating-point data.
Once all the dry operating points are read in, the augmented operating points
are read in. Again, the first wet operating point s assumed to be the wet
design point.
10
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acif o , L, -~ Setup data for DIGTEM transtents
(except far apen-loap contrals) are specified in the main routine DIGTEM., The

data are 11sted in tahle I. NOPER denotes the desired initial-condition aper-
ating point; H s the integration time step; and TMAX 1s the duration of the
transtent in seconds, If THAX = 0.0, a steady-state (converged) point wil)
he generated, Steady-state solutions for the five operating peints 11sted in
figure 4 are given 1n appendix E. TOUT 15 the printout interval. Note that
TOUT and H need not be the same. The integration method to he used 1s set hy
IBDINT. If IBDINT 0, a farward-diffaerence Euler integration 1g used; 1f
TBDINT & 1, backward-difference (Ymp11cit) tntegration s wsed. The implicyt
integration schome 1s discussed in appondix ¢, IHPCNV provides for matrix
generation and convergence at every time point, 1f dosired, If IHPCNV - 0,
intornal logic 1s to he usod to dotermine when new matricos are computed.
Finally N 1s the systom order (16 for tho turbofan ongine model 1n OIGTEM) .

yﬁgggﬁglggggﬁgggg;lggn,ggagro1 adbroutine TMRSP. - Transients are run 1in
DIGTEM by specifying open-Toop centrols as a function of time 'n a user-

written subroutine TMRSP, Control dnputs for tho two-spool, two-stream turbo-
fan engine in DIGTEM are

"F.d main combustor fuel flow

QF,7 augmentor fuel flow

Ag nozzle throat area

FVGP fan variable-geometry parameter

cvep compressor variable-geometry parameter

Figure 6 shows time histories of the contro) inputs for a typical engin. .
celeration from operating point 3 (low dry power) to operating point 4

(high wet power). Main combustor fuel flow QF 4 s ramped in 2 sec from 0.37

to 1.7 1bm/sec. FVGP and CVGP are varied in a ﬁanner designed to stay within
the ranges of the fan and compressor flow shift maps. After 10 sec after-

burning 1s initiated. Augmentor fuel flow &F 7 s ramped in 3 sec from 0 to

5.0 1bm/sec. Also, at 10 sec the nozzle throat area Ag and the exhaust nozzle
area Ap are ramped to their new operating-point values (also in 3 sec).

Figure 7 shows the corresponding Fortran coding to produce these open-
loop controls (subroutine TMRSP). A1l the inputs have been described except
for JSS, which s set internally in DIGTEM. Js§ s set equal to 0 when a
steady-state run 4s requested. Thus specifying TMAX = 0.0 4n OIGTEM causes
JSS to be set equal to 0. Note that in figure 7 the FVGP and CVGP values are.

both blased and {nverted before leaving TMRSP. This 4s done to accommodate
the map interpolation routines,

n
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QUTPUT - TEST CASE

The previously defined transient s used as a test case. The lawest power
operating point, operating point 3, 1s used as the initial condition for the
transfent. The engine s to be accelerated from low power to full afterburning
in 20 sec, The main routine DIGTEM to run this transient s shown in figure 8,
Note that backward-difference Yrntegration 1s desired (IZDINT = 1); the integra- o
tion time step 1s to he 0.01 sec (H = 0,01); che printout interval 1s to be ' |
0.1 sec (TOUT = 0.1); the transtent duration 1s to be 20 sec (TMAX = 20.0); ,
the initial condition is operating point 3 (NOPER « 3); internal logic 1s to
be used to determine when a new Jacobdan matrix is needed (IHPCNV = 0); and
there are 16 state variables (N = 16).

|

The output 11sting from DIGTEM s shown in figure 9. At the initial con- |
dition (in this case, OPERATING POINT NUMBER 3) a detatled printout of the : 4
engine parameters {s generated at TIME = 0.0 SECONDS. This printout corre- |
sponds to the user-supplied INPUT DATA. However, the input values may be ‘
s1ightly different from the input data because of the effects of the correction |
coefficlent scaling described earlter. Pressures, temperatures, temperature |
derivatives, mass flows, mass flow derivatives, stored mass, stored mass |
derivatives, energy derivatives, and enthalpies are 1isted for the various }
engine stations. Below the table, low and high spool speeds and their corre- |
sponding derivatives are listed along with main combustor and augmentor fuel }
|

J

|

|

RE

flows, bleed flows, and variable geometries. The variables FSHIFT and CSHIFT

fé are near zero since the specified values for the variable geometry positions
— result in small flow shifts out of the fan and compressor flow shift maps.
—

; A second printout s generated if implicit integration 4s selected. This
A second printout s generated after DIGTEM converges to a balanced steady-state

condition. If explicit integration s used, a startup transient will occur (1f w
all the contro! inputs are held constant) because of any nonzero derivatives

» that exist at the initial operating point. When explicit integration 4s used, |
3 DIGTEM prints out the tnput data table as described for the implicit integra-
- tion and then prints out a message

- FORWARD DIFFERENCE INTEGRATION IS BEING USED. IF ALL THE DERIVATIVES ARE NOT
E CLOSE TO ZERO, A TRANSIENT SHOULD BE RUM TO BALANCE OUT THE ENGINE BEFORE
CHANGING ANY OF THE CONTROLS IN TMRSP.

Since implicit integration is being used here, DIGTEM iterates to a converged
condition and then prints out CONVERGED STEADY STATE POINT and again gives a :
detalled printout of the engine parameters at TIME = 0.0 SECONDS. Note that P
all of the derivatives have been driven to near zero and also that the con- Co
verged data are very close to the input data. This indicates that the input '
data along with the correction coefficients calculated at the dry design point |
led to a nearly balanced engine at the operating point. Steady-state results :
are given in appendix E for all five DIGTEM operating points. Note that 1f

[
! explicit integration is used, this second printout of converged data does not
\ occur.,

Next DIGTEM prints out transient results at each specified printout point.
This is done for both integration schemes. Shown are TIME and the pressures at
all engine stations in row 1; temperatures at all stations in row 2; and
speeds and control inputs in row 3. MATTOT 4s shown in row 3 when fmplicit in-
tegration is used. This is the total number of Jacobian matrices calculated to

- 12




that point in the transient, 1In this case data are printed out every 0,1 sec

for 20 sec, At the end of the desired transient run (TMAX = 20.0 in this rase)
DIGTEM again prints out a detailed 14st of the engine parameters at all sta-
tions. This occurs independent of the integration scheme selected. Figure 10
shows plots of some of the results. Shown are plots of high rotor speed NH»

low rotor speed Np, combustor pressure Pa, turbine inlet temperature Tg,

and augmentor temperature T7 as functions of time. As shown in figure 6, main
combustor fuel flow was ramped for 2 sec and then held constant. A1l five vari-
ables shown in figure 10 increased smoothly to their new values and then held
constant untd) augmentor fue) flow was added at t = 10 sec. Note that all engine

variables stayed constant during afterburning except the augmentor temperature,
which increased smoothly to its final value.

INTEGRATION TIME STEP STUDY

The integration time step for the test case was 0.01 sec. The 20-sec
transient took 13.1 sec of central processing unit (CPU) time on the 1BM
370/3033 computer when the implicit integration scheme was used. Six Jacobian
matrices were generated during the transient. To determine the effect of time
step on the simulation response and on CPU times, the integration time step was
varied from 0.001 sec to 1.0 sec for the same 20-sec transient. Figure 11(a)
shows the effect of time step on CPU time. For the 0.001-sec integration time
step, 98.34 sec of CPU time was needed for the 20-sec transient. This is
primarily due to the large number of steps (1.e., passes through the model).
Increasing the time step to 0.01 sec caused an 87-percent. reduction in CPU time
to 13.1 sec. A further increase to 0.1 sec caused another reduction of 69

percent in CPU time to 4.071 sec. Finally an increase to 1.0 sec caused another
reduction of 9.8 percent to 3.69 sec.

Figure 11(b) shows the corresponding number of Jacobian matrices needed
for the 20-sec transient with the various Integrattion time steps. As the time
step increased, the number of Jacobian matrices needed for convergence also
Increased from two matrices at the 0.007-sec time step to 3) at 1.0 sec. For
time steps less than 0.01 sec the CPU time was primarily a function of the
number of passes through the model. For larger time steps, however, the
generation of Jacobian matrices (and subsequent inverses) contributed a great
deal to the CPU time and offset much of the expected speedup.

In all cases, stable and converged solutions were obtained. However, with
the 1.0-sec time step, some problems occurred early in the transient with
Ynputs to maps and functions going out of range. Also some damped oscillations
were observed. For time steps between 0.001 and 0.1 there was 11ttle differ-
ence between the transient responses. Figure 12 shows a comparison obtained
with the 0.01 and 1.0 time steps. Low rotor speed is shown in figure 12(a).
Note that at 1.0 sec there was a large speed difference between the two
responses. This occurred because the inputs to the map and function input
routines went out  of range. By 2.0 sec the H = 1.0-sec response recovered but
then overshot at 3.0 sec and finally showed some oscillations about the final
value of speed. The combustor pressure responses are showa in figure 12(b) for
the first 2 sec of the transient. Note the loss in accuracy for the larger
time-step solutions. Although not shown 4n figure 12, the high rotor speeds
and turbine inlet temperatures exhibited the same characteristics.

13
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i Finally a transient was run using the explicit Fuler integration scheme

I supplied in DIGTEM. To obtain a stable solution, the integration time step had
] to be less than or equal to 0.1 msec. For the same 20-sec transient, 417 sec

- of CPU time was needed, . .

SIMULATION OF OTHER CONFIGURATIONS !

8

U

DIGTEM contains normalized component maps and a generalized aerothermo- ‘
dynamic treatment of 1ts components. It also can scale the analytical model to '
match a user-specified design point. These features make 1t useful for simu-

A lating turbofan engines other than the one described in DIGTEM. Also, with !
minimal Fortran reprogramming, vardations from a turbofan engine such as a .
turbojet or turboshaft engine can be simulated. With major modifications to S

] the coding it 4s possible to model arbitrary engine configurations.

Il

- To simulate an engine such as a turboshaft, the user need only mask |
) (comment) out those areas of code that are not needed and equate variables

: where needed. The order of the state variables has been set to facilitate the |

I required modifications to the implicit integration routine. Simulation of a .

i turboshaft engine 1s described in appendix F.

R

g

For particular engine configurations some change to the state variable
order may be necessary. The user s cautioned that the state variable deriva-
tives must also be ordered as described in the section MODEL DESCRIPTION. For !
B example, one may wish to simulate a single-spool turbojet such as the one shown
Lo in figure 13. 1In comparing this configuration with the turbofan configuration !
of figure 2, 1t 1s clear that the fan duct, fan, and low-pressure turbine must ;
be eliminated. A suitable state variable and state variable derivative order '

is ?
VS(1) = XNH VDOT(1) = DXNH |
VS(2) = W3 VDOT(2) = DW3 |
VS(3) = T3 VDOT(3) = DT3 :
VS(4) = W4 VDOT(4) = DW4 ‘
VS(5) = T4 VDOT(5) = DT4 ;
VS(6) = W6 VDOT(6) = DW6 o
] V$(7) = T6 VDOT(7) = DT6 o
VX VS(8) = W7 VDOT(8) = DW? vy
=l VS(9) = T7 VDOT(9) = DT7 L
¥ VS(10) = WG6 VDOT(10) - DWG6 ]
_‘f' Variables must be eliminated or equated as follows: ‘
B WaLL7 = O (13) o
1 FVGP = CVGP = 0 (14)
Wp.2 = W (16)

14
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P2.2 = P2 (m
To.2 = Ta (18)
Pe = Pg.y (19)
Te = Ta.1 (20)
V6 ] w4'1 . (21)

In the main routine DIGTEM the number of state variables must be reduced
ton = 10. The Fortran recoding to accomplish the variable changes s done 4n
the DSGNPT and the appropriate ENGY subroutines. The state variable reordering
is done in the ENGBD, TMRSP, and BDPRNT subroutines.

CONCLUDING -REMARKS

The design and development of aircraft propulsion systems depends to a
large extent on computer simulations. The generalized computer codes for
developing these simulations must be flexible in being able to model many dif-
ferent engine configurations and also must predict engine performance in both
steady-state and transient operation. Once an engine configuration %s picked,
the simulation must then model the specifics of that engine. Generalized
codes, however, do not lend themselves well to modeling specific engines
because of their generality. Also, the simulations must perform the engine
calculations in a reasonable amount of computer time.

Until now, the generalized computer codes avallable performed some but
not all of the above functions., DIGTEM, the digital turbofan enginé mode)
computer code presented in this report, has been shown to provide all of these
functions. Besides being able to model many different configurations, DIGTEM
provides both steady-state and transient capability, and scales itself to match
engine operating-point data and thus tailors i1tself to model specific engines.

DIGTEM provides all of this capability at the expense of requiring much

more user interaction than the other deneralized codes. However, it is written.

in such a manner that even someone unfamiliar with gas turbine engine simula-
tions can modify and use the simulation. To do so does require the user to
have knowledge of Fortran. DIGTEM contains both implicit and explicit numer-
fcal integration schemes. It is segmented on a component basis (each component
and mixing volume is in 1ts own subroutine). Thus it can be used to do numer-
fcal integration studies using integration method: other than those supplied
with the computer code. Also, because of the segmentation, parallel processing
methods can be studied. Open-loop control impleméntation 1s described in
DIGTEM. Closed-loop controls can be implemented by adding control equations
and integrating the controls and state varlables simultaneously or by using

the subroutines in appendix C of Sellers, which were derived to be compatible
with the modified Euler solution method. 1In addition to being a useful tool
for simulation research and development, DIGTEM provides the flexibility to
study a variety of engine dynamics and controls problems.
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APPENDIX A
SYMBOLS

cross-sectional area, cm? (1n?)

altitude, m (ft)

hozzle flow coefficient

nozzle velocity coefficient

correction coefficient

compressor variable-geometry parameter, deg

specific heat at constant pressure, kg/J K (Btu/1bm °R)

specifi¢c heat at constant. volume, kg/J K (Btu/1bm °R)

differential time, sec

thrust, N (1bf)

fan variable-geometry parameter, deg

functional relationship, 1 = 1,30

fuel-to-air ratio

gravitationa) constant, 100 cm kg/N sec? (386.3 1bm in/1bf sec?)

heat, J (Btu)

heating value of fuel, J/kg (Btu/1bm)

specific enthalpy, J/kg (Btu/1bm)

enthalpy change, J/kg (Btu/1bm)

turbine enthalpy drop, 3/kg K72 rpm (Btu/1bm °R1/2 rpm)

polar moment of tnertia, N cm sec? (1bf 1n sec?)

mechanical equivalent of heat, 100 N cm/J (9339.6 1bf in/Btuy)

augmentor pressure loss coefficient, N2 sec2/kg® cmd K
(16f2 sec2/1bm2 1nd o)

main combustor pressure loss coefficient, N2 sec2/kg2 cmd K
(1bf2 sec2/1bm2 4nd op

fraction of high-pressure-turbine bleed doing work

fraction of Tow-pressure-turbine bleed doing work

duct pressure loss coefficient, N2 sec2/kg2 cmé (1bf2 sec2y
1bmé 1n4 eR)

low- pressure-turbine discharge pressure loss coefficient

length, cm (in.)

Mach number

rotational speed, rpm

total pressure, N/cm? (psia)

pressure ratio

static pressure, N/cm? (psia)

torque, N cm (in. 1bf)

gas constant, N cm/kg K (in 1bf/1bm °R)

total temperature, K (°R)

temperature ratio

temperature rise parameter

time, sec

internal energy J/kg (Btu/1bm)

volume, cm3 (1n3)

velocity, cm/sec (In/sec)

stored mass, kg ( 1bm)

mass flow rate, kg/sec (1bm/sec)

corrected mass flow rate, kg/sec (1bm/sec)

16
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! wp, turbine flow parameter, kg K cm@/N rpm sec (Ybm °R 4n /1bf rpm sec)
: X,Y map Anputs
i X variable
; /4 map output ,
{ ;) fnterpolation constant !
' $ ratio of total pressure to sea-level pressure .
. . Y ratio of specific heats |
| n efficiency . ‘
| ) ratio of total temperature to standard-day temperature :
M |
= Subscripts (note that subscripts may be combined, e.g., &F,4)’ i
4 A alr |
A AB augmentor '
3 a actual value
A am ambient :
: B main combustor ’
8L bleed |
BLHT high-pressure-turbine cooling bleed
BLLT low-pressure-turbine cooling bleed
BLOV overboard bleed
c compressor ﬁ
cr critical flow |
D design input .
E exit nozzle plane o
es expelled nozzle shock v
F fuel o
fan fan '
. H high-pressure spoo}
& HT high-pressure turbine ‘
oo 1 inlet ,
. | init1al condition :
N j§)) fan hub region
o id ideal
3 in into volume .
: h| station, § = 0, 2, 2.1, 2.2, 3.4, 415, 6, 7, 8, 9, 13, 16 :
i 3! entrance to volume at station §, J = 3, 1L, A3 . ,
8 & L low-pressure spool '
e LT low-pressure turbine |
- 1oad load ‘
M map
S n net 1
4 new new
o 00 fan tip region
B old old
lé ‘ out out of volume
i . X upstream side of shock
P y downstream side of shock
117
’




alid \J
«

Superscripts:
( )* sonic flow condition
( °)  derivative
-1 inverse matrix !
Computer variables: w
AE nozzle exit area, cm? (4n2)
ALT altitude, m (ft)
AQL6 augmentor reactance, kg cm2/N sec? (1bm 4n2/1bf sec?) ‘
AQLY3  duct reactance, kg cm2/N sec? (1bm 1n2/1bf sec?) !
A8 nozzle throat area, cm@ (4n2)
BSCVGP  blas on CVGP, deg
BSFVGP  bias on FVGP, deg
CON nozzle flow coefficient ‘
CSHIFT . .change in compressor flow due to variable geometry ]
CVvGP compressor variable-geometry parameter, deg
CVN nozzle velocity coefficient ‘
DELT change in time, sec
DELTAV  vector change in guess variable
0H4 enthalpy change across high-pressure turbine, J/kg (Btu/ibm)
DH4Y enthalpy change across low-pressure turbine, J/kg (Btu/1bm) 1
DT3 temperature derivative in compressor mixing volume, deg.'sec _
DT4 temperature derivative in combustor mixing volume, deg/sec g
DT temperature derivative in high-pressure-turbine mixing volume, deg/sec '
DT6 temperature derivative in low-pressure-turbine volume, deg/sec
DT? temperature derivative in augmentor mixing volume, deg/sec N
T3 temperature derivative in fan mixing volume, deg/se¢ ; .
DWA13 fluid momentum derivative in duct, kg/sec? (1bm/sec?)
DW3 flow derivative in compressor mixing volume, kg/sec (1bm/sec) ,
Ow4 flow derivative in combustor mixing volume, kg/sec (1bm/sec) |
DW41 flow derivative in high-pressure-turbine mixing volume, kg/sec ‘

(1bm/sec)
OW6 flow derivative in low-pressure-turbine mixing volume, kg/sec

(1bm/sec) , ‘
DW? flow derivative in augmentor mixing volume, kg/sec (Ibm/sec)

W13 flow derivative in fan mixing volume, kg/sec (1bm/sec)
DWG6 flutd momentum derivative in augmentor, kg/sec? (1bm/sec?) ' !
DXNH high-rotor-speed derivative, rpm/sec i !

DXNL low-rotor-speed derivative, rpm/sec
E error vector
EMAT Jacobian matrix

ERRBSE  vector of past errors
ETAAB augmentor efficiency
ETAB combustor efficiency
ETAHC compressor efficiency
ETAIF fan hub efficiency
ETAOF fan tip efficiency

FG gross thrust, N (1bf)

FN net thrust, N (1bf)

FRAC external control for matrix convergence
FVGP fan variable-geometry parameter, deg

18
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FSHIFT
H

1BDINT
THPCNY
IPRINT
ISS
JSs
MAPNO
MATRIX
MPAS

N

NCOM
NCV
NFCT
NOBUG
NOPER
NPT

PO

p2

P13
p22

thange in fan flow due to variable geometry
time step, sec

integration select switch

matrix calculation select switch

print select switch

initial-condition switch

steady-state switch

indicator for component map

switch for generating a new Jacobian matrix
maximum allowable iteration passes
system order

map interpolation switch

humber of curves on a map

number of common functions

debug printout select switch
operating-point select switch

number of points on a curve

inlet pressure, N/cm? (psia)

fan inlet pressure, N/cme (psia)

duct pressure, N/cm (psia)

compressor inlet pressure, N/cml (psia)
combustor pressure, N/cmé (psia)

high-pressure-turbine inlet pressure, N/cm@ (psia)
low-pressure-turbine inlet gressure. N/cme (psia)

intermedtate pressure, N/cm (gs1a)
augmentor inlet pressure, N/cmé (psia)
nozzle inlet pressure, N/cmé (psia)
1teration convergence rate

operating point

desired value of summation of errors
ambient temperature, K (°R)

fan inlet total temperature, ¢ (°R)
compressor inlet temperature, K (°R)
combustor inlet temperature, K (°R)

high-pressure-turbine inlet temperature, K (°R)
low-pressure-turbine inlet temperature, K (°R)

augmentor inlet temperature, K (°R)
nozzle inlet temperature, K (°R)
duct temperature, K (°R)

transient duration, sec

lower 1imit for partial derivative
upper 1imit for partial derivative

convergence rate at which a new Jacobian matrix is generated

error tolerance

output time step, sec

compressor volume, cm3 (1n3)

duct volume, cmd (4n3)

combustor volume, cm3 (4n3)
high-pressure-turbine volume, cm3 (4n3)
Tow-pressure-turbine_volume, cm3 (4n3)
augmentor volume, cm3 (4nd)

initial perturbation in state variables for matrix generation
vector of state variable derivatives at current time
vector of state variable derivatives at previous time

vector of average state variable derivatives
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vector state variables
duct flggd momentum, kg/sec? (1bm/sec?)

mass flow rate at station 2, kg/sec (1bm/sec)

mass flow rate at compressor inlet, kg/sec (Tbm/sec)

mass flow rate at combustor inlet, kg/sec (1bm/sec)

mass flow rate at high-pressure-~-turbine inlet, kg/sec (1bm/sec)
mass flow rate at Tow-pressure-turbine inlet, kg/sec (1bm/sec)
mass flow rate at nozzle, kg/sec (1bm/sec)

duct volume stored mass, kg (1bm)

compressor volume stored mass, kg (1bm)

combustor volume stored mass, kg (1bm)
high-pressure-turbine volume stored mass, kg (1bm)
low-pressure-turbine volume stored mass, kg (1bm)
augmentor volume stored mass, kg (1bm)
high-pressure-turbine cooling bleed flow, kg/sec (1bm/sec)
Tow-pressure-turbine cooling bleed flow, kg/sec (1bm/sec)
overboard bleed, kg/sec (lbm/sec)

main combustor fuel flow, kg/sec (1bm/sec)

augmentor fuel flow, kg/sec (1bm/sec)

augmehtor fluid momentum, kg/sec2 (Ibm/secz)

high rotor moment of inertia, N cm/secé (1bf in/sec?)

low rotor moment of inertia, N cm/sec? (1bf in/sec?)

Mach number

low rotor speed, rpm

high rotor speed, rpm

summation of squdres of changes in errors to maximum error
state change vector
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APPENDIX B
ANALYTICAL MODEL

The mathematical model describing the two-spool, two-stream turbofan engine
in DIGTEM 1s described in detadl in reference B, Overall performance maps are
used to provide the steady-state representations of the engine's rotating com-
ponents, Fluld momentum in the bypass duct and the augmentor, mass and energy
storage within control volumes, and rotor inertias are also included to provide
gr?ns1ant capability. For completeness, the machematical model 4s presented

G owi

Steady-State Model

Elight condi*ion and inlet. - The following conditions define the flight
conditions and inlet model:

Po = fy(a) (81)
To = f2(2) + Tap (82)
ng.=1.0 Af Mg < 1.0
= 1.0 - 0,075 ("0 - ],0)1.35 \¢ M0> 1.0 (.83)
2
(yy - DM
T2 = To 1.0 + -—L—E————g (BQ)
T\ v{/(y; = 1)
211 1
Py = Pogm (TO) (85)
YI =vo = 1.4 (86)

where functions fy and f, are curve fits to atmospheric data from
reference 10.

Gas properties. - Curve fits of data found in reference 11 are used to

compute variable thermodynamic gas properties. JP-4 is assumed to be the fuel.

Eor-each. control volume-the following equations are used: :

cp = f3(T,f/a) | (87)
R = fq(f/a)mRp (88)
¢y =y -3 (89)

c
vet (810)
v
h = f5(T,f/a) (811)
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Ean. -~ Fan performance 1s represented by a set of overall perfaormance maps.
separate maps are used for the tip and hub sections. The maps are assumed to
represent fan perfaormance with variable geometry at ncminal, scheduled posi-
tions. Map-generated, fan-corrected atrflow 4s adjusted to account for off-
schedule geometry effects, The following equations describe the fan model:

P N
(w.) - fo (2, (812)
“anw B\ Fo’ o)/
G W Pia N
-, RICINAL DA ,
oF POOR QUALITY Pa.1 = Pa2 = Pofy Jﬁf' 172 (813)
2
N 1/2
(wc) 62[1 + fa (’VGP. NL/°2 ﬂ_
’ fan,M
2
% Pya N
. "tan,00 = fo ( Py’ e1/2) (815)
2 2
(Yean=1)/Y¢an
é%; . (;%3) - 1.0 (816)
fan,00,1d 2
(AT/T)
Tyg = |[——f2M0Ad 1 Ty (817)
N¢an,00
P N
a3 L
"¢an,10 = F10 ( Py’ e1/:&) (818)
2
(ve, =1)/y
P fan™ ‘" Tean
(%%) . -%al -1.0 (819)
fan,10,4d 2
(AT/T)
Ty =Ty ,p= [—2LILId o[ T, (B20)
' : "fan, ID
Yfan ® Y2 (821)

Compressor. - Overall performance maps are used for the compressor with a
shift in the corrected airflow based on off-schedule values of variable-
geormetry position. The following equations describe the compressor model:

3

N
__‘ . H

- (w.) - f 5oy TS (B22)
. e MNP, e;’g
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| . 1/2
 oron L M) S [‘ ' fwﬁ“’“"' “H"’z.z)] (w2)
e ATy i I I NI
o pooR QM %.2
B, N
: """ halk, T o7 (B24)
B G
P (Yo~
(A%l) o ) T (825)
c, 2.2
Te = BcTy p + (1 - BT, (826)
(aT/T)
Ty . "——G-n-‘-d- ¢ 1] T, (827)
. -2

Bleeds. - Flow through the bleed passages is assumed to be choked. Both
turbine cooling and overboard bleeds are modeled. The equations are as

follows:

(> p (%*a)”a( , )(yaﬂ)/?(ya-l) (20
w = A W (B829)
BLHT © “BLHT \A BL
oo e A (!‘- (830)
BLLT * "BLLY \A/
W = A (?'-) (831)
BLOV © “BLov \A "

Turbines. - Overall performance of the highand low-pressure turbines is
represented by bivariate maps. Cooling bleed for each turbine is assumed to

reenter the cycle at the turbine discharge although a portion of each bleed is
assumed to do-work:

p

. 4.1 H
(W.) =« ¢ — (832)
Plyr. . 1A\ Py 71/2
. (Vp)HTP‘NH
Wy = T, (833)
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thgd = Fas (7, 172 -
HT 4 T4
1/2
<Ah) m (h ) NoT (335)
HT " ) e
o P ~
)y = s \Ferye 17 (h36)
LT 4.1 T4.1
(W.) P, oN
¥ p’ i x 4171
W4 1" .__f.JzL___, -
‘ 4.1
Pe N
R R (838
Plir 17 \Pay T}/s |
(8h) ¢ = (hp)LTNLT]‘ﬁ’_ -

Combustors and ducts. - Total pressure losses are included in the models
of the main combustor, bypass duct, mixer entrance, and augmentor. Heat addi-
tion assoclated with the burning of fuel in the main combustor and augmentor
s assumed to take place in volumes V4 and V9, respectively. The following
equations describe the combustor and 3uct models:

172
Pa(P, - P,)
o LRQT—A‘ (B40)
3 8'3
TB =,@BTS + (1 - BB)T4 -
Aha b HVFnB (642)
ng = figl(f/a),] .
W
e —?& (B44)
Ps = KPRSPG -~
P, - K QZT
" | P - (B46)
6
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i v T T a BT 4 (1 - Bye)T

Cib et Jer o

OF POOR QUALITY AR " TABT6 an! Ty
“hAB - “VF"AB

ag " fygl(f/a)g]

W W,
(#/a), = o i B Y

%6 " Y4

" Tia

(B47)
(B48)

(849)

(B50)

(851)

(852)

Exhaust nozzle. - A convergent-divergent nozzle configuration 4s assumed.

The following equations define the basic nozzle mode) and are based on matertal

from reference 12. Simplifications to the basic model, intended to reduce

computation time, are noted:

o fam\ 2 (Y1) /2(1y-1)
Wy = P1AECq (ﬁ-“—fﬁ—) (——E—T)
A"l N

W.V
JE

Po
Ca.n = Fa0 Py
2 21 \Ag

cr

If Po/P, > (P /P.) , the flow s subsonic in the nozzle and
(1 i} (1 M er
A o (fg)
AE....20\P,
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(854)

(855)

(bad)

(857)

(858)
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p
- oo FQ> (B60)

YauRAT

(862)

Otherwise a shock may exist in the divergent portion of the nozzie. To compute
the required parameters under thése cond1t1ons. shock tables such as those in
reference 12 must be used.

Ag
o My = foy Ag (863)
~ Py A
o Fog(M,) (B64)
- Py 5
P Fop(M,) (865) “
; Py |
px o f27(MX) (866) '
P (Py/P)(P,/P,)
o B e e (B67) 5
P7 /p ;
es :
If Pg/Py = (Fg/P7)es, the shock will be in the nozzle exit plane. Then :
g Pe = Py (868) .
o A
- * = ————
"x f28 A8 (869)
. [274Ra%c Ty V2
v, ® "x -—;;—;ﬁr- ‘ (870)




‘
o 0 0" "}:;
GINRL Tl v '
O?;‘OOR QUALT! 7 " fFagtMy) (871)
0 y \
C! ﬂv
VE " vavyv (872) 7

If PO/P7 < (PO/P7)es’ the shock is external to the nozzle. Then [

: A
- ME - fo <K§> (873) |
i
P A ‘
3 E
= f (£ (B74)
P, * T30 (A8>
Pe o
P = Py e (875) . . |

= 12

= v = mc,  (SaCa%cTy (876)

iy EZTEVN\ yy ¢+

i:% If (Py/P,) > P/P, > (P./P.) , the shock 1s in the divergent section and ‘
=1 0’77 0’7 0’" |
=\ cr es !
=, )
= Pe = Py (B77) f
-

Ty A* P .
el 4

f‘_‘:; -A% = ]')'y' = fzs("x) . (878) '
=. y X

=%

- A A A*

-l = - <§§) <;’,§—> (B79) )
= y y -
= o
= L 3 (880) ,
: y y '

P, [p.\ [P '
B E E X

: . (881)
N x <Pv> (Px>
— Pg
ST Pe = Py . (882)

To solve these equations, My can be varied until equations (B82) and (B77)
produce the same values for Pg. Then
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Equations (B53) to (BB3) are in subroutine NOZZL. The inputs to NOZZL are
ambient pressure, nozzle inlet total pressure, nozzle 1nlet tota) temperature,
nczzle throat area, nozzle exit area, nozzle pressure ratio, nozzle flow coef-
fictent, and nozzle velocity coefficient, FUNT 1s called by NOZZL to in-

. ~1
terpolate tabular data of functions f21(AE/A8), fz1 (PO/P7). fzz(Po/P7).
fa4(Ag/Ag), and f30(Ap/Ag). Functions fas(Mx) and fag(My) are represented by

quadratic functions. The iterative lToop associated with shock in the divergent

section is replaced by a quadratic function °§ pressure ratio and s biased by
a cubic function of area ratio. The result ME {s used to compute nozzle

exit velocity:
1/2
2YuRAG.T
VE = "*C <_———N' Ac -9

The net thrust is computed by subtracting inlet ram drag from gross thrust:

. [rofaTe) '
Fr = Py - gy (22 (885)

C

Engine Dynamics

Intercomponent volumes. - As shown in figure 2, intercomponent volumes are
assumed at engine locations where (1) gas dynamics are considered important or
(2) gas dynamics are required to avoid an Yterative solution of the equations.

In these volumes storage of energy and mass occurs. The following equations
define the dynamic models of the intercomponent volumes (fig. 2):

t
Wyq = S; (Wy - W, 5 - Wiq Jdt ¢ N]3’1 (B86)

b
T3 = Io ;[‘“z " ¥2.2) (Mg - My /ey g

(887)
* TiglWy - W = Wigdlmyg - ”]/"13% SLRSUER'
RyW, T
3T
Py = (B88)
13T,
t UJ L) L * U
Wy = fo (Wa.2 = gLyt - WaiLt = WgLgy - Wa) dt + Wa 4 (889)
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t * ® LJ LJ L
Ta " So ‘[""'2("5 - hg)/ey 3 + T3(Wp 5 = Waruy = ¥aLLt = WaLov - )

X (yg - 1)]/u3zat A
. 1
'.’:!H,.('ifg‘ﬂ"““‘ “li 1‘;""&"\«.‘ R.W.T
o B Q@ py - tals
3

t
w4 = So (w3 W .- u4)dt + wm

¢
T, - go (3["3"3 + Ve 4 thg - hy(ly + um)] /cM

* TylWg ¢ ¥ g - Wgdlyy - 1) i/ “4) 9+ Ta

R.W,T
_RigTy
4 V4

P
Wey ® So (Wy + Wg yy = Wg )0t + Wy 4y 4

¢
Taa 'I (3["’4 (hy = Bhyy) + Wy yy (hy - Kgyyyy Syr)

= hy Wy ¢ "‘BLHT’] / Cy,4.1

* Ty (W * Wiyt~ Wa ) (Vg - "%/ “4.1) dt+ Ty,
o . afaaTen

t
We = so (W q * Mg T * g - Weldt + W

Te = s:, (3["‘4.1"‘4.1 - 8hyg) + Wy, p(hg - Kg 7 8h7)

+ Wighyg - MglWy q ¢ g 7 ¢ “13’] / v, 6
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(B94)

(895)

© (B96)

(897)

(898)

(899)
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Pg —&V@—Q (R100)
6
t [ ] (] [ ]

Wy = So (Wg + W o = Wpdt « Wy | (B101)

t [ L ] [ ] ®

Ty = So (g[“s"As * Wp q Bhag - Ny(wg "‘r,7’] / Cy,7
(8102)
+ T7(w6 + ”F,? - w7)(y7 - 1)% /N.,)dt + 77’1

RMW.T

ik
P, = v (8103)

Fluid momentum. - The effects of fluid momentum are considered in the -
bypass duct and augmentor duct models: . . . . .

t
L] & ®
. A t .
- ]
Vg = 9, (,.) g (P - P,)dt + W (B105)
a8 )y

Rotor inertias. - Rotor speeds are computed from dynamic forms of the
angular momentum equattions:

2 ¢
.3_0. .J- * ® LJ o
N, "(«) I, _(0 ,[AhLT(wLI * KaLwt¥BLLr) - (W - Wy p)(hig - hy)
(B106)
- Wa.2lhp 2 - "2)] /NLz at + Ny
2 t . .
1) R
M "(w) I so %[‘“‘m"‘% *RaLwnt¥aLur)
- Wy olhg - hz‘z)'] /Nﬂg dt + Ny (8107)

Correction Coefficlients for "Trimming® Model

In DIGTEM, design-point data throughout the engine are specified as input.
If the turbofan engine model in DIGTEM was exact, the specified Input data
would lead to a perfectly balanced engine condition. However, incompati-
bi1i1ties between the DIGTEM input data and the model will result in nonzero
derivatives or mismatches between predicted and specified outputs of component
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R maps. To compensate for these differences, a "self-trimming" feature has been
butlt into DIGTEM. Correction coefficlents are calculated in subroutine DSGNPT
to balance the engine at the dry design point. For example, the input data

include Py p, P2 g, T2,00 Tap, Mp, and ap, where subscript 0 indicates

design-point input data. In WSGNPT, subroutine FLCOND 4s called by using ap,

Mp, and Tay as inputs. The resulting output variables are P y T

2 a |
Po,a» and T? a» where subscript a stands for the actua) calcl ateﬁ' Lo "
X value. Ideally o

P20 ® P2 (8108) |
T2,a = T2,0 (B109) |

}
Po,a * 0.0 (B110)

However, if they are not equal, the equations that use these values will be
scaled by correction coefficients. DSGNPT is called only once (at the design

point) to calculate these coefficients. The correction coefficients are then o
part of the model. They are used at both the design point and the off-design c
points. The scaling coefficients for the inlet conditions are -
P
CC. o 240 (8111)
1P 4
2,a .
T5.0 |
cc2 - (8112) .
2oa S
?
P0 D
cc3 s -P—h- (8113)
0,a

These coefficients are used to scale the .inlet model. Equation (B1) becomes
P0 = f1(a) X cc3 (B114)

equation (B4) becomes

o N

(v 1) M ‘
T,=Tg 10+ =15 x Cc, (B115) |
. and equation (BS5) becomes

I_a YI/(YI-I)

P, = Pan
2 0"1 To 1

(B116)

The other correction coefficlients and their corresponding "trimmed" equation
are presented below. For the fan

N
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w?.a ‘|
and equation (B14) becomes h
(%) 62[1 + fg(FVGP, NL/Q;/ZEI
fan. M |
W, = —a 72 X CC, (8118)
92 ' l'\
Also
(8T/T) ¢an 00,4d,0
CCg = (s o/Tp 0 = 1.0) (B119)
"¢an,00,0 ‘"13,0"'2,p - 1
and equation (B17) .becomes
(AT/T)
Mg = |[—aOld gy, (8120) :
"fan,00 * “*5 4
Also !
P2.2,0 ‘
CC, = /=2 (B8121)
6 P
2.2,a
and equation (B13) becomes i
P N |
A3 L
P21 % Pa2 = Pofq | 75, gz | *CC (B122)
2 !
Also !
cc. . (8T/%) ¢an, 10, 14,0 (8123) |
T mean,10,0 (T2.2,0/T2,0 -1-0) |
and equation (B20) becomes
(aT/T)
T a T = “‘“—‘M + 1 x 7 (8124)
2. 2.2 “fan.lo X CC7 2
For the compressor the same scaling procedure 1s used. That is
W
tCy = &l (B125)

%2.2,a
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and equation (B23) hecomes OF POOR QUALITY
(W) & , [l + £ (CVGR, N, /e;’gﬂ
: ALy Lo cc (8126)
V2.2 0172 X L ,
2.2 !
Also ‘4‘
(AT/T)
CC, = ~ (8127)
9 " me,p (Ta2,0/Ta,p - 10 |
and equation (B27) becomes
. (AT/T)C \d 5 !
Ty cra ol R (8128) -
. l
For the turbines
-y .
- 4,0
A cc11 - (8129)
¥4,a ;
L and 3
i5 W Dot
cepq = bl (8130) L
¥a.1,a o
;é ‘ Equations (B33) and (B37) become, respectively o
= o (wp)HTP4"H -
- W, = __T4__— X ccn (8131) Co
;g and |
. A TR L " (o132 |
de ] w s X
S 4 Tan 13

The next set of correction coefficients zeros out the state variable
derivatives assoclated with energy balances in the intercomponent volumes:

CCyp = he.p (“3£g + “r,4.o)‘ ¥s oM. p (8133)
“r 4,0 %Mg.p

a3

& emmm—n— TS e B T
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t

(B134)
Note that
Wa t W g =Wy 0 (8135)
in steady state. Also
Wa,0M,0 * M3 o¥8iHTo - Ma.1p (. * YaLuTo) B136
o, - 4.0".0 * "3 0T "a.1p M, (8136)

12 . .
8hyrp (Wa,0 * WaLHTo®BLWHTD)

and equation (B96) becomes

t
Tan s So (;[w hy * NaWgiyy = Mgy (Mg + Wgyp)

3

= CCip Bhyp (W, ¢ "‘am"emm’]/ Cy,4.1

*Ta (Mg * Wy - Mg ) (v - ?.’.}/ “4.1) at+ Ty, (8137)

In steady state

W * Mgyt - Waq =0 (8138)
Also

h

cc. o 24.1,0%.1,0 * 3. o¥8uuto * M13,0M6,0 < Me,0 (Ma1.0 * MaLiTp * Wia,p)

14 . .
8 70 (1,0 * YBLLToRBLWLTD)
(8139)

and equation (B99) becomes

t s . . . . .

o - so (;["4‘1"4.1 * MW7 * Wighyg = Mg (Wy | ¢ Mg 1 + W4)
34
S— S = o g




QRIGINAL PACE 19

. . OF POOR QUALITY
s PRLUT (U “'am"swu’] / €y,b

* Tg (Mg * Vayyr * ¥yg - W) (g - ”§ /“s) @+ Tg,1

In steady state

(B8740)

War * YaLir t Wig = Wg = 0 (8141)

The next two correction coefficients are used to zero the speed derivatives at
the design point. For the high rotor speed

cc. o —"2.2,0 (3,0 = M 5 p) (8142)
18 oo (0 o % Koy el o)
Hto a,0 * KaLunto¥BLao

and equation (B107) becomes
a2 3 - . .
Ny = («"‘) i Io 1%[‘“‘m (Wg + KpLwnTBLHT) * CCys

For the low rotor speed

(B143)

(W0~ ¥2.2,0"Ma,p =M p) * W09 (Mypp-hyp (B144)

cc'|6 = . .
8h o (W 1.0 * KapwLTo%sLLTo)

and equation (B106) becomes
N.QQZ-—J—tah (Wy 1 + Koy sWor q) X CC
L= \e I ) LT a1 * Kawet™sLLr) X LG
- (Wy = Wy o) (Mg = hy) - wy o (hy 5 - "2’] /NL} at + Ny (8145)

The last three correction coefficients compensate for the imbalances in the
augmentor. and nozzle models

W
cC,. = Lab (B146)

and equation (B53) becomes

35




. . 9cYy 1/2 2 (vt /72(yy-1) ‘ ‘

In the augmenter

teyg » Mun M0 * ¥, 0,0 " ¥e,0 Maa,p (8148)

e.7,0 8Pg,0

- and equation (B102) becomes
t ® o ¢ ()
Ty e So (g[“e"As * W7 hyg X CCyg - hy (Wg ¢ “r.'/)] /°v.7

+ Ty (Wg * W g - W) (vy - 1)2/ w7) dt + T, | (8149)

Note that in steady state

W + »‘um -W, =0 (8150)
Finally for the thrust ;
{
CCig = 4,0 = A (P - Py) (B151)
L W e
Na“TEYVETTO !

and equation (B54) becomes

v i
FN = 1 Ex 0019 + AE (PE - Po) (B152) ‘

c
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APPENRIX ¢
INTEGRATION AND ITERATION SCHEMES

Steady-State Balancing Technique

{
The following discussion explains the iterative method that DIGTEM yses
to calculate steady-stato oporating points. The calculation of a steady-state
operating point requires tho solution of g system of nonlinear equations, cor-
} responding to vartous engine matching cohstraints such as rotational spoeds,
T atrflows, compressor and turbine work functions, and nozzle flow functions.
A To satisfv these constraints, thero must be available an equal number of engine
Parameters that can be varied (such as compressor and turbd
P and flow functions). For the turbofan engine mode] 1n DIGTEM there are 16
{ engine parameters (4ndependent variables) and 16 error vartables

ii‘ If the independent variables are denoted by VS and the dependent vari-
i ables by €, the matching equations can be written as

e ————t M- -

where AVS and at are N-vectors denoting changes in VS and E from
reference condition (operating point) and EMAT is
partial derivatives of E with respect to vs

ENAT, | = 3, (€3)
avs,

EMAT 1s calculated by using finite diffe

rences about an operating point such
that equation (C3) s approximated by

AE
EMAT, = KV%I Ve 120N 91,2, 0N (c4)

Once the Jacobian matrix 4

s obtained, the steady-state balance at the
operating point 1s improved by

VSnew = VSq1g - EWAT-1 Eold (C5)
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If the system of equations were 1inear, the process would lead to convergence

in ane iteration., In practice, nonlinearities in the system prevent immediate
convergence, In this case the new VS and E are taken to be the reference

values and a new matrix 1s generated. If the system 1s not too nonlimear and

the initial guesses for VS are reasonahly accurate, convergence 1s achieved

in relatively few iterations,

Dynamie Equations

Orce an Ynitial stoady-state solution has been obtained, a time-varying
solution may be genoratod. This requires the solution of a set of differential
equations that model the system. In this section the procedure used to solve
the set of differontial cquattons 4n DIGTEM 1s discussed.

Consider the differential equation

X o f(xX,t) (C6)

To obtain the numerical solution on a digital computer, the differential equa-.
tion must be approximated by a difference equation. One common method is to
use Euler's method where equation (C6) s approximated by_.

Xn+] = Xn + f(Xn. tn) AT (C7)

Equation (C7) allows for explicit calculation of Xp,7 as a function of the
previous vaiues of Xp and tp. This Euler integration method is the
forward-difference integration scheme included in DIGTEM. When an explicit
method s used for integrating a system of equations, the integration time step
is restricted by the highest frequency in the system (as derived in ref. 6).
However, dynamic engine simulations contain both high and low frequencies. The
high frequencies result from the lumped-volume representation of component
dynamics, which includes storage of mass and energy. Low frequenties result
from rotor dynamics. In DIGTEM the range of frequencies for the test case is
0.4 to 330 Hz. Frequently the simulation user is interested in low-frequency
effects such as rotor transients and is not concerned about high-frequency
effects. These transients typically are 5 to 10 sec in duration. However, the
user must sti1) use a small integration time step to insure numerical stabil-
1ty. Although it gives very accurate results, this requirement can cause large

amounts of computer time to be used. In DIGTEM the largest time step that can.

be used with the Euler integration method is approximately 0.1 msec for the
test case. Thus the 20-sec transient used in the DIGTEM test case consumed.. .
417 sec of CPU time on the IBM 370/3033 computer.

Another method for approximating equation (C6) is the improved Euler:
Xh+1 L Xn + f(Xn*], tn*]) AT (CB)

In general equation (CB) cannot be solved explicitly for Xn+1 because of the
dependence of f on Xp,1. Thus some form of iteration must be used at each
time step. For this implicit formulation there 1s no restriction on step size
(ref 6) tv guarantee numerical stability. However, some loss in dynamic
accuracy can occur if the step sVze 1s too large.
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Experience has shown that a modificatian to equation (CB) can spead up
convergence at each time step.  This form of the fmproved Euler 15

AT :
Yy = o t 52 [%(xn.tn) tf (xn+1. tnflﬂ (€9)
whore the first guess at | Xnt1 s given by

Xn.” B Xn + f (xn, tn) AT (C‘O)

Ejuation (C9) 1s fterativoly used to correct X until convorgonce erito.. ..

ria are satisfied, This s the integration motgzg used in DIGTEM,

Implementation 1in DIGTEM
In DIGTEM, data arc read in for each operaiing point. If the operating

point 4s a design point, correction coofficients are calculated to try to force.

a balanced engine condition. The derivatives are calculated by using the input

cata and the correction coefficients. For g steady-state condition the error
vector is the dertvative vector; thus

VOOT « 0.0 - £ (611)

where all errors are scaled by the corresponding state variables. If a1l of
the errors are within tolerance (TOLSS - set by the user), the operating point
s a balanced condition; if not, DIGTEM {terates to force a balanced condition.
The {teration technique s the steady-state balancing technique described

To perform the fteration, a Jacoblan matrix EMAT must be formed. EMAT s
a matrix of partial derivatives of changes in error variables with respect to

changes in guess variables. 1In DIGTEM the guess varfables are the state
vartables (VS) and EMAT 4s formed by finite differences:

EMAT(I,0)=(E(I) - ERRBSE(J))/DELTAV(I) (C12)
For each 1teration, guess variables are updated by using the old guess vector
VSo1ds the current error-vector E, and the inverted Jacoblan matrix:

Shew.. JEMAT X _E_ s V5014 (€13)

Updating takes place untd) amn derivatives (VDOT) are within tolerance.
If a transient 4s to be run, the Procedure 1s as follows: one of the
controls or input conditiens 1s offset from the steady-state balanced cond.-

tion. For transient operation the error vector 4 redefined by using the
improved Euler approximation

VOOTT X DELT - (VSnew - vso]d) = E (C14)
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where
VOOTT - vDOT ;,%QQ[SV (C18)

and all errors are scaled -hy the last converged corresponding state variable.

Note that in steady state VDOT equals VDOTSV and vgﬁew equals Vgg .
However, once an input_or control is changed, one or more of the errors are

forced to be nonzero (VDOT changes). This forces a change in VSpo, to satisfy

the equations. Updating 1s accomplished by using the already generated EMAT and
equation (C13).

As V§hew starts to move away from the initial operating point, the original

Jacobian matrix 1s used until it no Tonger provides a good approximation of
the change in errors with respect to the change in states. The decision to
calculate a new matrix is defined by the user by setting TOLPCG. OIGTEM cal-

culates a convergence rate, PCNCHG, during a transient. A new matrix 1s cal-
culated f

PCNCHG < TOLPCG (C16)

A new matrix 1s also calculated if the maximum numbér of allowable passes MPAS
is exceeded during an iteration. Here again MPAS s set by the user. Both
these conditions are used to try to minimize the number of Jacobian matrices
and subsequent inverses since these calculations are time consuming. Table Il
11sts the implicit integration parameter settings in BDINTG. These settings
work well with the model and data supplied with DIGTEM but can be changed by

the user 1f problems occur with different input data or a different engine
configuration.

Matrix Calculation

There are several features in BUINTG that help the tmplicit integration
scheme converge.

Perturbation calculation. - Since finite differences are used to generate
the Jacobian matrix, the sizes of the perturbations of the states are impor-

tant. If they are too large, errors will be introduced by the system non-
linearities. If they are too small, the partial derivatives will be in error
because of numerical problems (without double-precision arithmetic).

Thus a tuning mechanism has been included in BDINTG to optimize the sizes
of the perturbations. For the first point the first perturbation of each state
variable 1s 0.1 percent (VDELTA = 0.001). For each perturbation the sum of
squares of the errors is calculated. Once this s done, the "goodness" of the
partial 1s checked by calculating

N
xxk = 1 > [c(x) ~ ERRBSE (1)]2 (C17)
=1
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for each state variahle. and then checking if

TOLY..< XXX < TOL? (cia)

If a1l XXX's fall within the tolerance band, the matrix 1s considered “good,"
Fo: :h\s simulation, TOLY ~ 0.007 and TOL? 0.07 work well for the operating
points,

§gglingﬁgf_gg51gngg11§g§. - In general, for the initia) perturbations at )
a point the XXX's will not fall .in the tolerance band described above. Thus

BOINTG scales the perturbations to try to force the XXX's within the band.
This 4s done by calculating

YYY - % (€19) !
gordeach state variable. REF is defined a3 being the center of the tolerance
and.: - . ....
Rer o TOLLe TOL (c20) 3
2.0
Once the set of YYY's has been calculated such that the XXX's fal) within the
- band, the set of YYY's is stored. After this has been done for all N states,
- the scaling vector YYY 14s generated. When a new matrix is heeded, the scaling
= vector YYY 4s applied to the current states to determine first guesses far the
‘;j ‘ perturbations néeded to obtain new partial dertvatives. If for any state

variable the new XXX falls outside the tolerance band, YYY i4s updated and the !

. new result s stored. This method generally reduces the number of passes y
i required for subsequent matrix generation.

. Error Messages

In generating a partial cerivative, a situation may arise where XXX never i

-y gets within tolerance. When this happens, the program prints out an error
- message:

CHECK INPUT - BAD PARTIAL.DERIVATIVE

. prints out a debug output to help the user dlagnose the problem, and then ;tops
- the simulation. This is the only time when the simulation is stopped except
K for a normal exit (1.e., ITRAN incremented to its final value, ITRMAX). In

general, bad partial derivatives occur when inconsistent coding 1s added to
the simulation.

Another error message occurs when the stmulation does not converge. This

situation occurs when MPAS (set at 50) is exceeded. A message is printed out,
for example

ITERATION FAILURE 15 51 20

The numbers printed out are the number of converged errors (may be any numbe:

from 0 to N, 15 1s shown here), the number of iteration passes (MPAS + 1), and
the point at which the convergence falled (ITRAN).

L)
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In this situation, a debug output 1s printed. This 1s the same debug
output a for the bad partial derivative, and 1t indicates

1 counter up to system order

VS current guess varlable

VCONV past convérged guess varlable
vooT current state derivative

vooTT averaged staté variable derivative between current time point and
past time point
E current errors

After the printout the simulation continues. Note that with the implicit
method a convergence failure can occur even if the errors are very close to
the tolerance band. Since the simulation may recover after the fallure, the
simulation 1s allowed to continue and the user may make a Judgment as to the
validity of the data after a convergence failure. The occurrence of many con-
vergence fallures in a transient, however, usually indicates a need for the
user to increase tolerance or to check the input and coding.

The debug output, as described, 1s generated by BDINTG by setting
NOBUG = 1 (table II). The user may want to reprogram the logic to obtain

debug output at other times when-difficult convergence problems are encoun-
tered.

Other error-.messages are issued in DIGTEM. These are
MAP..NO. INPUTS OUT OF RANGE
XIN = YIN = MATRIX =

and

FUNCTION NO. INPUT OUT OF RANGE

XIN = MATRIX =

These are output from subroutines MOOR and FOOR, respectively. The MAP NO. 1n
the first error message corresponds to the MAPNO described earlier for the
component maps. The function out-of-range problem 4s a 11ttle more difficult
to debug since the single-valued interpolation routine FUN1 is used in sub-
routines FLCOND, TRAT, and NGZZL. In either out-of-range case the inputs are
printed and the user must locate the map or function in question to debug the
problem. Depending on the ehgine being simulated, maps or functions, or both,
may have to be extended. MATRIX is printed out to indicate if a perturbation
is being performed to generate a Jacobian matrix since this may cause a map_os._.
function to go out of range.

Convergence Aids

BDINTG has some built-in parameters to help the user if convergence
problems occur. These are listed in table II. FRAC can be used to force a
larger or smaller iteration time step. TOL) and TOL2 can be shifted depending
on the 1inearity of the system being simulated. TOLSS can be increased \f
convergence is difficult. MPAS can be increased and finally TOLPCG can be
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APPENDIX D ORtGy s g o l
OF POOL GLALEY !
FLOW CHARTS ‘ |

This appendix contains flow charts_for-the.main program DIGTEM and all of
its subroutines.

DIGTEM

/ Write DIGTEM heading /

Speclty time step, printout,
operating point, and transient data

!

Read in maps and steady-
state design-point data INDATA

Y
Calculate correction
cosfficlents J @

Calculate engine !
parameters ‘
! i
Set up guess vector and
derlvative vector

y

Backward-
ditference
Integration?

Yes

 J y

Do forward- Do backward- ' L
difference integration difference integration BDINTG : '
: !
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APPENDIX E
DIGTEM STEADY-STATE OPERATING POINTS
DIGTEM was used to generate converged steady-state operatin points for

the five sets of input data. To obtain these data, NOPER was set to the
desired operating-point number and TMAX was set to 0.0 1n the main program

DIGTEM. In DIGTEM the dry design point.1s the first opérating point read 4n....

These data are used to calculate correction coeffictents for balancing the
engine equations. These same correction coefficients are then used to scale
the model at all other operating points. A similar procedure s used for wet
operating points, where the first wet operating point read in s the wet design
point. Correction coefficients that only affect wet operating points are cal-
culated at the wet design point and applied to the other wet operating points.
The cor.ection coefficients are imbedded in the DIGTEM equations and serve to

minimize, 1f not to eliminate, differences between the DIGTEM model and the
Input. data.. . .o i

Figure 14 shows printouts of corrected and converged steady-state data
for the five operating points. Figure 14(a) contains the dry design-point
data. Note that the errors at the dry design point are all close to zero
Because of the scaling by the correction coefficients. DIGTEM then iterates
to try to better the steady-state match and the converged data are shown.
Note that the converged data are very close to the input data.

Data for the other dry operating points (figs. 14(b) and (c)) show that
the input data (after being scaled by the correction coeffictents) do not give
as good a steady-state match (large derivative errors) as the design point.
This 4s due in part to the scaling coefficients being calculated at the design
point and then used at the off-design points as well. Correction coefficients
calculated at the off-design points would be slightly different than those
calculated at the design point because of slight Inconsistenctes in the data
from one operating point to the next. These inconsistencies were not elimi-
nated so that DIGTEM's capability for generating a steady-state balance could
be tested. For both operating points the converged data have nearly zero
errors with the iteration (state) variables being adjusted accordingly.

Data for the wet design point are shown in figure 14(d). Here again the
errors are close to zero. ODIGTEM iterates to an operating point that is clese
to the dry design operating point. Figure 14(e) shows data for the wet off-
design operating points. The input data do not give as good an engine balante

as for the wet design point for the same reason as discussed for the dry off-
design points.

Figure 15 shows the correction coeffictents calculated by DIGTEM for the
dry design point. Since they all are close to 1.0, the modeling equations
falrly accurately describe the design point. 1In fact, one or more large dif-
ferences from 1.0 would indicate either bad input data or one or more
inadequate component models.
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APPENDIX F
TURBOSHAFT ENGINE MODEL

DIGTEM 1s generalized in the aerothermodynamic treatment of components .
It also "trims" calculations to match a design point. These features can make
it a useful tool for developing simulations of specific engines having the
same two-spool, two-stream configuration. Also variatioens of the turbofan
engine configuration such as a turbojet or turboshaft can be simulated with
minor modifications to the Fortran coding. With more extensive modifications
to the coding, arbitrary configurations can be modeled.

To demonstrate this capability, a turboshaft engine model was implemented
by using DIGTEM. A computational flow diagram of the engine is shown in
figure 16. Comparing figure 16 with the two-spool, two-stream engine computa-
tional flow diagram of DIGTEM in figure 2 indicates the need to make the
following changes to the basic DIGTEM model:

The inlet model must be eliminated.
The fan must be eliminated.
The duct must be eliminated.
The low-pressure-turbine cooling bleed must be eliminated.

(8) The low-pressure turbine (1.e., power turbiné 1in.the turboshaft) must
be disconnected from the fan and connected to a load.

(6) The nozzle must be eliminated.

(7) The back pressure on the power turbine must be fixed (at atmospheric
pressure) with turbine flow (and energy) dumped to atmosphere.

(
(
(
(

& W N —
N e P

The turboshaft engine model was implemented in DIGTEM by

(1) Using the normalized component maps already in DIGTEM
(2) Specifying a new design peint with input data.satisfying the following

conditions:
P2 = Pa=Pr=Py (F1)
To2=Ti3=T, (F2)
Wg=0 , (F3)
".‘7 = "."6 = ".‘4.1 (F4)
Ty = Tg (FS)
g = 0 (F6)
Ag = A = 0 (F7)
FVGP = CVGP = 0 (F8)

n



NBLLT a 0 (F9)

(3) Modifying the coding in DIGTEM as follows: For the turboshaft the
state variables and derivatives are =

VS(1) = XNL VDOT(1) = DXNL

VS(2) = XNH vDOT(2) = DXNH

VS(3) = W3 VDOT(3) = DW3

VS(4) = T3 vDOoT(4) = DT3

VS(5) = W4 VDOT(5) = DW4

VS(6) = 14 vDOT(6) - DT4

VS(7) = W& VDOT(7) = DW41

vsS(8) = T4 VDOT(8) = DT41 ———

These are the first eight state variables in the state variable 14st for the
turbofan engine, and thus no recoding is needed to set up the state vector and
the state derivative vector. By setting N = 8 in the main program DIGTEM,
the order of the system is specified and the 8x8 Jacobian error matrix.will be
generated,

Recoding of DIGTEM routines was required to account for the aforementioned
differences in the configurations. A fixed value of load torque Qypaq was
set in DSGNPT and was sized to zero the rotor speed derivative at the design
point. Also correction coefficients CC(14) and CC(16) were redefined in DSGNPT
to reflect the changed coding in the engine routines. The numerator of CC(16)
(eq. (B141)) was set to the load torque. Some coq1ng had to be added in the
power turbine discharge. That 1s, temperature Te was calculated implicitly
from the ca1cu]ated turb1qe discharge enthalp hg. Convergence was obtained
by guessing Tg, using Tg to compute the hg through PROCOM, and then com-

paring hg with calculated hg. CC(14) was used to insure a match at the
design point.

Finally recoding was done in subroutine TMRSP, where the inputs to the
model were specified as functions of time (open-loop control). For the

turboshaft engine the inputs are fuel flow QF 4 to the main combustor and load

torque Qy5a4 change on the power turbine. TMRSP was set up to give a step
change in bogh fuel flow and load torque.

Figure 17 shows the transient response of the turboshaft engine to simul-
taneous steps in fuel flow and load torque. Shown are normalized values of

fuel flow QF,4' load torque O]oad' low rotor speed "L' high rotor speed

Ny, combustor pressure Pz, and turbine inlet temperature Tq. Note that Ny,
P3, and T4 all increase with the addition of fuel. Normally N would
increase also, but the increase in load caused NL to drop off. For this
2-sec transient the integration time step was 0.07 sec. The printout interval
was 0.1 sec. The CPU time was 1.06 sec on the IBM 370/3033 computer,

Thus 1t s possible to use DIGTEM to model engines other than a two-spool,
two-stream turbofan engine. The resultant engine model will have a realistic
aerothermodynamic treatment of its components and will be scaled to a user-
specified design point.
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TABLE 1, - TRANSIENT SPECIFICATIONS IN DIGTEM

ORIGINAL PAGE i€
OF POOR QUALITY

Parameter Setting Function
Default Allowable
range
NOPER | 3 1 - NTOYAL Dosired initia)
oporating point
H '0.01 »0.0 Integration time step,
sec
THAX 20, 0.0 for steady Ocsired transient
state, >0.0 for longth, sec
transient
TouT 0 >H Printout interval,
sec
IBDINT .. 1 0 for explicit, Integration method
1 for Ymplicit selector .
THPCNV 0 0 to use logic Matrix update selector
to generate a new
matrix, 1 to
generate a new
matrix every time
point
N 16 >0 System order

TABLE [1. - BACKWARD-DIFFERENCE INTEGRATION SETTINGS

Parameter Setting function
Default Allowable
range
VDELTA.- 4 0.001 >0.0 Initial perturbation
of guesses, percent/100
FRAC 0.25 >0 External control of
fteration step size
ToLY 0.001 >0 Bottom 1imit on error
tolerance for matrix
1inearity, percent/100
TO0L2 0.0} >ToL Top 1imtt on error
tolerances for matrix
1nearity, percent/100
TOLSS 0.0005 >0.0 Solution tolerance,
percent/100
MPAS 50 >0 Maximum allowable
fteration passes
ToLecG 0.5 >0.0 Switch for calculating
a new matrix
NOBUG 0 0 for Debug selector
no debug, 1
for debug)
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Figure 1, = Schematlc of augmented turbofan engine,
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DIGTEM
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Spacify time stap, printout,
operating point, and translent data

!

Read In maps and steady~
state design -polnt data INDATA

Yes

Calculate correction
coefficlents

SGNPT @

-] Calculate englne

0o forward-~
difference integration

rameters *
Set up guess vector and
derlvative vector

Backward-
difference
Integration?

Yes

y
Do backward-
FDINTG ,Maronce Integration BDINTG
I grere S
{_END )

Flgure 3, - Qverall flow dlagram of DIGTEM,
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Flgure 4, - DIGTEM component map and operating-point Input data set,
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500 0,9760  1,0000 1.0090 1.0%00 1.0949 o
JIEY O 0.8100 0.519%  0,0PAY 9.D3I6 0.2467 0.0589 0.2680 6.2741 {1y,
B3 0.0984  0,3018 LA I
ADR0 0,626 0.AUDA 0,4214 0.4198 0.4175 0.4167 0.40669 0.3946 KR

0,189 03709 09,1479 ¢T0M Y hoed 1 (0, 7000
0306 06030 0,6186 0,6329 0.8450 0,6576 0.667% 0.6776 0.6866 | e R :
4980 02087 0.718) t
L1189 0.0490 0.2510 0,.2630 0.2751 0.5A71 6.2991 0,311 0,301 R
L3510 003471 0.340) 302 ied 2 (0.7750)
Ah0 874509 9.4508  0,4507  0,4513  0,469% 0.4458 0.4410 0.4336 | 000 -

0.4773  0.4109 0.399% WY
0313 0.6759  0.6918  0,7112 0.7233 0.7351 0.7452 0.7550 0,7643 | e
78 0LIR3% 007916 :

0.1180 0.0879 0,304 0.3217 0.3386 0.355% 0.3724 0.3893 0.4042

0.4231 9.4400 459

oolde 0.blsh D513 0.512% 0.510% 0.509% 0.5060 0.5008 0.4922 { ooy 5

0.4808 0.469% 0.458D

0.0471 0.7696 0,7833 0.A121 0.8266 0,8388 0.84R8 0.8600 0.8709

0.A%15 0.A922 0.900

0.1189 B 3671 0.3699 0.3928 0.4156 0.4384 0.4612 0.4840 0.5009

0 4§89y h526 0,574

0.0016 0.5912 0.5911 0.5910 0.5909 0.5902 0.588A u.5Aez 0.5762 | ,

0.5651 0.5840 0.640 Speed &

0.0418 0.8431 0.8693 0.8865 0.9028 0.9198 0.9358 0.9460 0.9563

0.9¢30 0.9697 0.9762
L1189 0.3921 0.4195 0.44¢B 0,4741 0.5014 0.5288 0.5561 0.5834
16107 0.6381  0.6654
6741 0.6733 0.6738 0.6738 0.6737 0.6737 06733 & 6718 0.6674 oo
6587 0.6392 614 Spee
0276 0.8394 0.8798 N.9059 0,9298 0.9560 0.9711 0.9824 0.9890

0.6928 0.9952 0.997%

0.1189 0.4393 0.4713 0.5034 0.5354 0.5674 0.5995 0.6318 0,6639

0.6956 0.7076 07896 X
el B.INAR0.734R 0.7508 0.2508 0.7548 0.7%47 07588 6.7810 g g Basuline compressor map
L0238 0.8569 0.9031 0.9296 ©0.9585 0,.9811 0.9942 1.0021 1.008A
0049 1.0002 0.9953
J1189 0 0.GR17 0.5180 8.5543  0,5906 0.6769 0.6631 0.6994 0.7347
(1720 0.80RS  0.R448
A267 00266 0.8266 0.8266 0.8266 0.8266 0.8265 0.8256 o.Amz Lo
L8101 0.7888 0.766 Spee
(0160 0.A716 0.9078 0.9382 0.9635 0.9850 1.0010 1.0083 13,0107
10045 0.99%3 0.978
189 005161 0.5558  0.5955 0.8382 0,650 0.7147 90,7544 0.7941

0.8°18 0.RI3 0.913

0.8783 0.8783 0.A78% 0.8783 0.0783 0.3783 0.A783 0.8773 0.8733 [ oo,

0.7636 0.R&%4  0.816 Spe

0.0028 0.R447 0.8A69 0.9230 00,9514 0,9743 0.9982 1,000 1,010

1.0127  0.9867 0.976)

0.1189 0.5837 0.48972 0.6406 0.6841 0.7276 0.7711 0.3145 0.8%40

0.9015 450 0. 58R%

0.9010 0.9214 0.9214 0.9218 0.9214 0.9214 0.9218 o.9210 oors Lo,
L9043 0.8971 0,888 speed ©
L0222 0.AP3) 0.AIS1  6.9097 0.9456 0,9883 0.9885 1.0047 1.0141
(0162 1.0017 0.944
B 3002 0.8473 0.68a 0.7316 0.7787 0.8258 0.8730 0.920)

0.9610 0.9614 0.4618 0.9614 0.9614 0.9814 0.9614 0.9610 0.9588 [ . .40

0.9510 0.9365 0.91p Spee

0.0715 0.8071 0.8597 0.R90% 0.9319 0.9547 0.9769 0.9914 1,0049

1.0017  1.0010 0.947

0.1189 0.6246 0.6752 0.7258 0.7766 0.8269 0.8778 0.9281 1.0000
L0593 1.0798 1.1304
0035 1.0045 1.0085 10035 1.003% 1.0085 1.00%5 1.0035 1.0000 |
9950 0.9789 0.9590 Speed 11
L1429 0.7680  0.8422 0.8794  0.9190 0.94% 0.9699 0.9A57 11,0000
L0035 0.9957 0.9118
L1189 0.6503 0.7034 0.7566 0,8097 0.8629 0.9160 0.9691 1,022
0256 101206 1I1817
0PT8 LO0IA 10078 10278 1.0078 10278 10278 1.0278 1.0267 Loy 1
L0200 L0053 L9808 ' -
A%48 807746 0.RIS1 0.B670 0 %977 0.9319 0.9483% 0.9770 0.98%%

0.9919 0.9769 RB10

Figure 4, -~ Continued,
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2 35 3
Gra 1)
0.2 0.4
0 0,2
0.3 0.3
0.15 0,15
25 0,22
0.0 0.4
0.6 0.6
0.30 0,30
0.450 0, 850
0.0 0.6
0.9 0,9
0.4 0.4
0,675 0,675

(3r8,1)

0.6
0.3
0.2
0,10
0,150
0.5
0.4
0.20
0. 300
0.7
0.6
0.30
0.450

5F& 1)

0.4
0.1
0,05
0: 075
0.6
0.2
0.10
0.150
0.8
0.3
0.15
0,22

ORIGINAL 1A ‘\’."-,
OF POOR QUALI v

(5r8.2)

0.5
0.0
0.00
0. 000
0.7
0.0
0.70
0. 000
0.9
0.0
6,00
0,000

{5F8, 3)

~

{

NCV - NUMBER OF CURVES IN MAP
NPT -~ NUMBER OF POINTS PER CURVE
NFCT - NUMBER OF COMMON FUNCTIONS OF X, Y

4COM - SWITCH FOR COMMON CURVE BREAKPOINTS

Flgure 5, - Example of map input data,

Y
X
21
22
23
X
Z1
22
23
X
Z1
22
Z3

MAPNO, NCV, NPT, NFCT, NCOM
X Y, 21, 22, 23, FORMATS

VALUES

VALUES - CURVE 1
VALUES - CURVE 1
VALUES « CURVE 1
VALUES - CURVE 1
VALUES - CURVE 2
VALUES ~ CURVE 2
VALUES - CURVE 2
VALUES - CURVE 2
VALUES - CURVE 3
VALUES - CURVE 3
VALUES - CURVE 3
VALUES - CURVE 3
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; ORIGINAL PAGE 19
' OF POOR QUALITY

SUBROUTINE TMRSP(WF4,WF?,CVGP,FVGP,AE, -~
¥ A8,TIME,JS8)

'u c“*ﬂ**llhl“&l*l*ﬂl**&l*“lNKNN*”NNN!INK*NIKNIﬂﬂKNKN*NN!N*NKINNNK“*NNINK“I*

" COMMON /CONST/ AQLIS,AQL6,V13,V3,V4,v41,V6,V7,%IH,XIL, BSFVGE, BSCVGP,
'@ * €C(50), BETAHC, BETAB, BETAAB

c“l““*&*““ﬂ“““ﬂﬂ“***ﬁNNN**ﬂNﬂ*N***“**K*&K%K*Kﬂl***ﬁl**“NNI*N“*********I**
¢

IF (JSS .EQ. 0) RETURN

IF (TIME .GT. 10,0} GO TO 100
WFas . 374TINE%(1,7~,37)/2.0
ﬁ? (WF4 .GT. 1.7) WFe=1.7

6.0
PVGP=’24 99+ (TINE-1, 0)*(2Q 99-1 7)/1 00
IP ¢FVGP LT, -264,99) F
¥ (FVGP ,QT, -1.7) FV n-1.
PVGP“BSPVGP“? vGp
CVGP=~-20 , 0+TIME#(20,+4.)/2.0
IF (CVGP .GT. 4,0) CVGP=4.0
CVGPcBSCVGP- cvep
A8=430 0
AE=432.0
RETURN
100 CONTINUE
WF4

=1.7
WF7e0, 0*(TINE~10 0)%(5,0-0,0)/3.90
IF (HF7 .0) WF7=5,0
Fyap=~-1.7- (TIME-10,0)%(3,5-1. 7)73.0
IP (FV A VGP LT, -2.5) FVGP=-2. 5

0VGP=BSCVGP-CVGP

FVGP=BSFYGP-FVGP

A8=430,+(TINE-10, 0)*(660 ~630,)/3.0 mmw s mr
IF (A8 . L) AB=660.

E=492 +(TINE-10, 0)*(880.-492 3.0
(AE .GT. 880.) AE=8
RBD RN

Figure 7, - Subroutine TMRSP for test case,
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INPUT DATA
DPERATING POINT NUMRER % ORICGIMAY Oachy il
O ()
Tne = 0.0000 SECONDS OF POOR QUALITY
YA 2 TA 13 BTA 2.0 874 3 8TA 4 BTA 6.1 8TA 6 1A 7
_PRESSURE | 14,6960 19,1000 20,6036 ¥9.,3999 94,5999 27,0999 17,5000 17,3000
51,670 871,000 878,208 966,000 1940, 00 117,00 785,000 785,000
i 1,50073 53, 5208 73,8950 ~.416068 10,5138 9%, 3306
| 103,587 54,0000 49,7987 41,5867 41,8824 49.3406 104,000 100,451
qqnzyAxxvv 0.2441410-03 0.2685556-00
BTNRED MAAS 4.50661 0,466180 0.271259 1.51610 1.81102 1.48046
DERTVATIVE -, 178046 = 771942601 [0,7029990-01 |0.962494E-01 |-, 311279C-01 |-,400862
[HROY ER, _ 6.93660 24,8583 “6.48174 < 631106 19,0407 138,146
DELTA W 101,309 27.1968
LOW SPLED SPOOL = 6175,00  RPM WIOH SPEED SPOOL » 9439.00 _gPM
DERIVATIVE 5 25,4913 = RPM/SEC DERIVATIVE © 16,1629  RPM/SEC
MAIN COMDUSTOR FUEL FLOW =0.370000 AFTERDURNER FUEL FLOW =0.000000
BLEED MASS FLOWS-- VARIABLE OEONETRY --
LOW PRESSURE =0.,628276 FVOP = -24,9900 PSHIFT ©0,216844E-04
HIGH PRESSURE = 7. 50448 €Vob = ~50'9000 GSHIFT t-,339364E-02
OVERBOARD =0.113444 THROAT AREA S 430,000
CONVEROED STEADY STATE POINT
TIME = 0.0000 SECONDS
STA 2 STA 13 STA 2.2 8TA S 8TA 4 3TA 4.1 3TA 6 8TA 7
PRESSURE | 14.6960 19.0887 20,6006 99.6367 94.8361 27.1478 17,4849 17.2840
TENPERATURE | 518,670 571,375 578,098 966,401 1578.93 1115.84 784,934 784,934
DERIVATIVE J461090E-02 133642 0.244831 -.870769E-01 |-.525365E-01 |0.221378E-01
MASS FLOW | 103.927 | 34,0319 49.8948 41.6306 42.0007 49.5215 104.183 104.183
DERIVATIVE ~.166016E~01 «.131836E~01
STORED MASS 4.54076 0.467103 0.272121 1.52035 1.80961 1.47922
DERIVATIVE -.918527E-04 0,305176E-04 [~.5620726~04 |-.152588E-04 |-.152588E-04 |0.106812E-03
ENCROY DER. Zl209370e- o < 624246E-01 |0.6662376-01 |-.132387 - 950707E-01 |0,327466E-01
DELTA K 101,306 27.3107

LOW SPEED SPOOL = 6181,2 RPM
DERIVATIVE = 0, 1513185-01 RPM/SEC

MAIN COMBUSTOR FUEL FLOW =0.370000

BLEED MASS FLONS-*

LOW PRESSURE =0.62964
HIGH PRESSURE £ 1.520
OVERBOARD =0.113691

TIME PO
IAM
XHL
0.000 19,696
518.67
6181.2
0.190 14,696
518,67
61%2.8
0.200 14,896
518,67
6235.3
0.300 14,696
518,67
630%.9
0.400 14,696
518,67
6416.2
6.500 14.696
318,67
6551.8

2
9
p2 P13 pae
12 Ti3 122
XNH WFa WE?
14.69¢ 19,089 20,
518,67 571,37 878
94448 6.37000 6.00
14.696 19.198 20,
518,67 572,50 578
9663.2 0.43650 0.00
14,696 19,359 20,
518,67 579,29 580
9513.4 0.50300 8.00
14,696 19,580 21,
518,67 876.48 581
9597.1 0.56950 0.00
14,696 19.893 21,
518.67 879.21 884
9704.8 0.63600 0.00
14,696 20,296 2l.
518,67 582.74 587
9828.6 0.70288 0,00

HIGH SPEED SPOOL = 9444.8 RPM
DERIVATIVE = 0, 264081E~01RPM/580

AFTERBURNER FUEL FLOW =0.000000
VARIABLE 050ME1RY e

Figure 9, - DIGTEM output

= =24,9900
v = -20,0000
THROAT AREA = 430.000

P3 Pe Pal )

13 14 141 16

A8 AE Fvep ¢y
0 99,637 94,836 27,148 17
10 966,40 1578,9 1115,8 78
00 430.00 492,00  -24,390 20
87 102.31 97.634 27.936 17
98 973.21 1684.0 1171.0 80
00 430.60 492,00  -24,990  -18
38 106.24 101,57 28,922 17
22 983.78 1786.0 1245,0 83
80 430.00 492,00  -24,990  ~17
53 111.44 106.67 30,059 17
93 997.82 18755 13081 86
00 430.00 492,00  -24.990  ~-16
65 117,80 112,86 31,967 13
41 1014,4 1952.8 1362,7 89
00 430,00 492,00  -24.990  ~15
12 125,16 119,97 33,104 18
76 1032,8 2017.4 1408.3 92
00 430,00 492,60  -24.990  -14

for test case,

FSHIFT =0,218332E~04
CSHIFT =~.415303E~02
P?
11
13 MAYTOY
;4838 17,284
4,93 784,93
008 1
+630 17,420
5,18 801,58
800 2
s 192 17,968
$.86 835.78
+600 2
. 989 17,798
9.98 866,61
1400 3
,268 18,006
6.98 894,28
200 3
610 18,327
0.44 918.49
,000 3

i
1
t
t
1
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Integration time step: sec
(b) Number of Jacoblan matrices,

Figure 11, - Integration time step study for DIGTEM 20-
sec test case transient,
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Flgure 12, - Comparison of low rotor speed and combustor pressure responses for the DIGTEM test case

with different Integration time steps,
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INPUT DATA
OPERATING POINT NUMBER 1

ORIGINAL PAGE 13
OF POOR QUALITY

Tng = 0.0000 BECONDS
8TA 2 5TA 13 8TA 2,2 5TA 3 8TA 4 8TA 4.1 8TA 6 5TA 7
gggsgugg 14,6960 34,5000 36,0000 267,000 256,000 70,0000 11,8000 30,5999
rfgggﬁngygg :915:;70:"" :;;;.;;;.~... T M X T T ot 1780,00 1160, 00 so.00
.?EfifxffYE.: ----:::.-:::: SLB8BT0AE-0L | T s 0.959337  |5.1937745-01" |~ 104080 " - 503200
."gfss:giog _[ 393,500 | sesonn T eree T aaeees 892990, | 107000 | "Teaseee 194,942
._DEEEVAI;!E N C T e et """""~"': :'“"“":“::"' R D 0.273438F-01 -:":'::"'~::
-§i§§§5:giggz ~::::.“:::~~: :Effszgg"-"- T o:;fiia; R 2.45748 “2.22708 | 1.77808
_gggtvgtgac : .:. -:: -;5136235:;;- T 5 350952803 < S17874E-08 | 487764 00 < 122070803 |-, 3105715208
ENEESY“DEET. I LT T S Ittt “laazovs T 3'555532“""'. onz;ZI;EE:E;' -.322003  |-Tesizie T
ToeLtA W B R Rt ] I et S
LOW SPEED SPOOL = 9200.00  gpM HIGH SPEED SPOOL = 11960,0  ReM
DERIVATIVE = 0,723938E-01 RPRySEC DERIVATIVE & 0. 549398 0-01Rmm st
MAIN COMBUSTOR FUEL FLOW = 1.70000 AFTERBURNER FUEL FLOW =0.000000
BLEED MASS FLOWS-~ VARIABLE GEOMETRY --
LOW PRESSURE = 1,43999 FVOP = ~1,70040 FSHIET x0.390806E-08
HIGH PRESSURE = 17.2000 CVOP = 4.00000 CSHIFT =0.311876E-¢
OVERBOARD 20, 26000 THROAT AREA = 430,000
COHVERGED STEADY STATE POINT
TNE = ©.0000 SECONDS
STA 2 STA 13 $TA 2.2 STA 3 3TA 4 STA 4.1 3TA 6 STA 7
PRESSURE | 14.6960 34.4997 35.9997 266.999 255,999 69,9996 31,799 30,5996
CTEMPERATURE | £18.670 | 895 399 698.000 1325.00 2520.01 1780.00 1160.00 1160, 00
-BEE;VATIVF -.624854E-03 -.708905 | 1.53016 0.553536E-01 10.199381E-01 (-,3646416-02
-”ﬁlgs FLON | 193.500 | 85 500 106,999 88.0983 89.7994 106,999 194.940 194,940
SEE?GX?;VE ....... Tl ii71ssE-01 -, 251468601
STORED 5555- “erstie T 0.912942 0.460242 _2.45746 2.22700 1.77208
osnxvar:ve - 152588E-04 0.1068126-02 |- 108051E-02 |0.1068126-03 |- 915557500 -, 152588604
ENEROY DER, - 420876E-02 -.647189  |0.704246 0.136030 0.944021E-01 |~,8461676-02
DELTA H - [ T1s77 001 75.5002 )
LOW SPEED SPOOL = 9200.05 HIGH SPEED SPOOL = 11900.0  RpM
DERIVATIVE = -.3614776-01 RPRVGEC DERIVATIVE = 0.4890888-01REMysEC
MAIN COMBUSTOR FUEL FLOW = 1.70000 AFTERBURNER FUEL FLOW =0.000000
BLEED MASS FLOWS-- VARIABLE GEOMETRY --
tluouppgssguge 1173793, tvap & 530088 P HAR TR
OVERBOARD =0.260008 THROAT AREA = 430,000

(a) Operating point 1 (dry design point),
Figute 14, - Steady-state operating points,
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INFUT DATA OF AQE e
OPERATING POINT NUMBER POOR QUAL” Y
‘
TIME © 0.0000 GECONDD
STA 2 ,] Nt STA 2.2 STA 8 8TA 4 8TA 4,3 87A 6 8TA 7
PRESSURE | 14,6960 24,2000 26,1800 158,700 151,500 41,2399 21,7000 21,2100
TEMPERATURE | 918,670 614,000 620,941 1106.,00 1918,00 1343,00 891,000 $91.,000 :
DERIVATIVE «}2 8815 8,30729 18,0097 30,6131 10,6789 126,017
MASS PLOW | 147,379 75,0000 72,4262 40,1456 60,9108 72,1240 148,000 147,412 |
DERIVATIVE 0,625000E-01~ ~,603027t-01 . N
8TORED MASS 5.35696 0.650088 0.337861 1,91891 1.978%1 1.59913 ,
DERIVATIVE “,970764E~01 0.289764E6-01 |-,2718250-01 c:1811228-01 |0,612488E-01 [0,388333 ,
ENERGY DER. «69,0056 5,40044 6.95929 58,7438 21.1283 201,817 ;
DELTA H 127.391 46,7860 i .
' :
LOW SPEED $SPOOL = 7706,00 RPM HIOH SPEED $POOL = 10434.0  RPM ! i
DERIVATIVE = -19,9786 RPM/SEC DERIVATIVE s 6.62954  RPM/SEC :
MAIN COMBUSTOR FUEL FLOW =0,738000 AFTERBURNER FUEI FLOW 20,000000 )
BLEED nAss FLONS -~ VARIABLE GEOMETRY - X
LOW PRESSURE 50,937283 FVOP © -24,9900 FSHIFT 20.470579E-04 ’
HIGH PRESSURE = 11,1951 cVeP = -4,80000 CSHIFT =-.141049E-03
OVERBOARD =0.169234 THROAT AREA = 430,000
CONVERGED STEADY STATE POINT : :
TINE = ©.0000 SECONDS : |
STA 2 $TA 13 STA 2.2 3TA 3 STA 4 STA 4.1 8TA & STA 7
PRESSURE | 14,6960 24,1867 26,1554 158,752 151.842 41,2461 21,7204 21.2331
TEMPERATURE 516 670 613.502 620.708 1106.18 1917.88 1343.587 892,054 392,054
DERIVATIVE 0.418344E-02 0.175164 0.208939E-01 |-.321751E~01 (-, 403699E-01 |0.000000
MASS FLOW | 146.998 74.5027 72,4956 60,1913 60,9291 72,1278 147,567 147,567
_DERIVATIVE 0.351563E-01 ~.388184E-01
sroneo MASS 5.35836 0.650195 0.357983 1.91839 1.97802 1.59898
"DERIVATIVE 0.915527E-04 =.279658E-03 |0.222266E-03 |~,457764E-04 |0.305176E~04 |0.000000
ENERGY DER, 0.224164E-01 0.113891 0.891161E-02 {-,617243E~01 |~-.798526E-01 |0.000000
DELTA H 127.400 46,7440
LOW SPEED 8POOL = 76943 RPM HIGH SPEED SPOOL = 10437,4  RPM
DERIVATIVE = 0, zaveose~01 RPM/SEC DERIVATIVE = 0, 7ossexe~ozkpn/ssc
MAIN COMBUSTOR FUEL FLOW 20.7380600 AFTERBURNER FUEL FLOW =0,000000
BLSED MASS FLOWS=-~ VARIABLE GEGMETRY --
LOW PRESSURE =0.937482 EVGP = -24,9900 FSHIFT 20.469834E-04
HIGH PRESSURE % 11,1978 CVaP = -4,80000 CSHIFT 2-,296514E-03
OVERBOARD =0.,1692785 THROAT AREA 2 430,000
(b) Operating point 2,
Flgure 14, - Continued,
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ORIGINAL PAGE [§
OF POOR QUALITY - e e eeime e e oo e s o

INPUT DATA
OPERATING POINT NUMBER 3

TINE & 0.0000 BECOHDS .
— : . . : — W
BTA 2 8TA 13 oTA 2.2 aTA S 5TA 4 5TA 4.1 STA 6 BTA 7 R
_.PRESSURE | 14,6960 19,1000 20,6036 99,3999 94,5999 27,0999 17,5000 17,3000
?uﬁpﬂﬁﬁzunﬁ TBIaL670 81000 | B7m.z0n | ee6 000 | TTEReae " 117,00 "985, 000 i 788,000 \
TpERIVATIVE | RRTITI I T L T TR ettt Rt :;3T§IE§""" ‘
mass PLOW | 103,567 | sa.0000 | e aser AT maes T “ar.8820 | as.3a06 [ 104000 RIIRT I
'~§§§E§QEEQE: :'::~’:"":' 3:a3a141s~os "'::"' i ":':'“"'“" R 3:5355535335' e
sgonEn mss | Taikaser T e 0.271289 1osie10 | 181108 1.48046 .
CDERIVATIVE | T sades T T|” < 7719426-01 |0,7429996-01 3"3255;;§:51" - 311279E-01 |-,450562
CENEROY DER. || ereseseTT|TTTmmmmm 26,8583 |-e.q8174 |Tesnion | "Tessees Osaae
DELTA § o T M en 300 27.1968 " - :
LOW SPEED SPOOL = 6175.00 _ ReM HIGH SPEED SPOOL = 9439.00  RPM o
DERIVAIIVE = -25,491% = RPM/SEC DERIVATIVE & 16.1629  RPM/SEC
MAIN COMBUSTOR FUEL FLOW =0.370000 AFTERBURNER FUEL FLOW £0.000000 ;
BLEED MASS FLOUS-- VARTABLE CEOMETRY -- o
LOW PRESSURE 20.628276 = 24,9900 FSHIFT ©0.216844E-04 S
353253553 URE < 1 30048 ?Xﬁ"&ﬁ Aea*2%30. 000 GSHIFT ==.333364E-02
i
CONVERGED STEADY STATE POINT ' '
TIME = 0.0000 SECONDS !
|
STA 2 STA 13 STA 2.2 STA 3 STA 4 STA 4.1 STA & STA 7 b
L
___PRESSURE | 14,6960 19.0887 20,6006 99,6367 sa.8361 | eraars | 17,4849 17,2840 : "
TEMPERATURE | 518,670 571.375 578.098 966.401 1578.93 1115.84 784.93%4 784,930 ! !
DERIVATIVE < 461090E-02 | T13seaz 0244831 - B70769E-01 |-,525365E-01 |0,221378E-01 1 ‘
MASS FLOW | 103,927 “54.0319 49.8948 a1.6306 42.0007 49.5215 104.183 104.183 P
DERIVATIVE -, 166016E-01 - - - 131836E-01 P
STORED MASS 4.54076 0.467103 0.272121 1.52035 1.80961 1.07922 ; .
TDERIVATIVE | T Sielss27E-04 | 0.305176E-04 |- .5620726-08 |-, 152588600 |- 1525885-04 0.106812E-03 :
CENERGY DER. | I T T T |= 626206501 {0.6662376-01 |- 152587 -, 950707E-01 [0.327466E-01 Lo
“TDELTA H ) o 101,306 27.3107 i :
LOW SPEED SPOOL = 6181.22  RPM HIOH SPEED SPOOL = 9444.84  RPM o
DERIVATIVE = 0,151318E~01 RPM/SEC DERIVATIVE = 0.284081E-01RANVSEC L
MAIN COMBUSTOR FUEL FLOW =0.370000 AFTERBURHER FUEL FLOW =0,000000 :
BLEED MASS FLOMS- - VARIABLE OCOMETRY -~ i
LOW PRESSURE. =0.6296¢ EVOE "= 249900 FSHIFT =0,218332E~04 ,
HIGH PRESSURE '3 59079 20,0000 CSHIFT =-.4153036-02
OVERBOARD 26 113003 FHROAT kA’ %430, 000
(c) Operating point 3, ‘
Flgure 14 - Continued,
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ORIGINAL PAGE g

INPUT DAYA QUALITY. .. . .
OPERATING POINT NUMBER 4
TIRE @ 0,-0080 GECONDS
8TA 2 BTA 13 8YA 2,2 Y BYA 4 sTA o BYA 6 cra 7
PRESSURE 19,0909 | 3, sgog o] 36,0000 aov 000 296,000 70,0000 31,8000 5. 6000
vanvcnnvunv 518,670 696,040 898,000 1329,00 520,00 1780,00 1160.00 2682, 90
pugtvnrzvo .xaouzva~ox ) =, 333086 0.580432 0.1872980-01 (=, 144589 2:9735946-0
MASS FLOW | 193,500-- | 86.5000 107,000 88.0995 - 89,7998 “107.000 194,940 198,009
_DERIVATIVD _|9. 8906250-01 i c:3128000-01
«:oaco MASS “5.7872% 01912947 0.460246 2,45708 “2.22702 0,766192
ounxvarzve -, 198364E-03 0 saovses~os -, 30231503 .ozossae-oq -:1220706-03 [ 1,93143
ENEROY DCR. -,1081449 .soqoax 0.267142 0.3877858-01 4 -, 322003 =1439483¢E-41
DELTA H 167,000 75,8001
by BPEED SPOOL = 92000 HIGH SPEED $pooL 3 11900.0  gew
DERIVATS 2 8 0.3814790001 apn/sec DERIVATIVE & 0,898657E-02RPR/BEC
MAIN COMBUSTOR FUEL FLOW = 1,70000 AFTERBURNER FUEL FLOW = 8,00000
BLFED MASS FLOWS-~ VARIABLE GEOMETRY =
(AR o, e e B s
OVERBOARD £0,260009 THROAYT ARBA-2— 640,008
CORVLRGED STEADY STATE-POINT
HME = 0.0000 SECONDS
! STA 2 3TA 13 8TA 2.2 8TA 3 STA o 3TA 4.1 STA & 8TA 7
‘~v».n.—. —
| I'RESSURE [ 14,6960 34,4747 36.1188 267,469 286.443 70,1328 32,0260 30,8377
! [EMPLRATURE | 518.670 696,497 697.491 1323.39 _2515.76 1277.01 116112 2630.78
; ULRIVATLVE ~.459710E-02 Z1953746E-01 0.705264 S:830177E-01 10.649424E-01 |-, 589507
35,8618 107,278 88,3327 90,0325 107,274 194,579 199.578
~.390628E-02 0.060000
_6.76853 0.915664 0.461821 _2.96628 _2.24068 o 772756
[ DURIVATIVE o 1068128 -03_ 0.1831056-03 z:180204€-03 2 7629396-04 9.000000 0. xosazze~oa
| tnakcv DER. .3110645 Yy ~.873311E-01 {0.325705 ~.158419 0.145518 ~.440134
DELTA H 166,690 75,1431
LOW SPEED SPOOL = 9175.5 REM HIGH SPEED SpooL = 11888.4  gen
DERIVATIVE = 0033847001 RPM/SEC DERIVATIVE = 0.000085 RPM/8EC
MAIN COMBUSTOR FUEL FLOW = 1.70000 AFTERBURNER FUEL FLOW = 3,90000
BLEED MASS FLOWS-~ VARIABLE osonsthv .
HIOn RESaunEs®.s 179383, Evop & 330040 b ias PR AT
OVERBOARD 202604 25 THROAT AREA & cco.ooo )

{d) Operating point 4 (wet design. point),
Figure 14, - Continued,




INPUT DATA
OPERATING POINY NUNBER L

TIE =

0.0000 srCONDD

—

STA @ fTA 2y

QRIGINAL PACE IR
OF POOR QUALITY

8TA 2,2

PRESBURE 14

FerenRneenn

YFHPERATUHF

LRl LT A,

DER!VAT!UG

fommeennena

L ase riow

Rt enrennnon

DER!VAT!VF

moEtRown one

OTORRD MASS

it T T

DﬁRlVAYIVd

R X L R

_GHERGY DER.,

R eccennen

DCLYA H

SreanneaenrY
618,670

LETIM U

Peeannnomeee
193,500

LT i,

recnere e

LT P,

LD LTy

LD L L T apen

16960

——r—

34,5000

Ll Lol T T eva

696,000

PO e g

.66769!?*0?

e L T Ty

0.390605:-01

LI L LT T T Tty

6.73723

e T

9, 309176&“00

LR LT TR PN

.049973L ~01

- -

o RL AL LT I e tevpun

——pr—

36,0000

Tenremenernne

098,000

FReP e ———
107,000

B R
L T R,
memene————
“eRcennEnonn.

Rl L L T YT NV

fTA 8
—
767,000

Rl L LT T O

1328,00

AEPRerrranREr

-, 333880

L T T

88,0908

UBanetsoenae e

Ity T T

0.912947

b L T T

0 3J0998&~03

LT T et

.304%"1

2 - o

HTA o
r———
256,000

freneRtrerenn

2520.00

THORecErnrone

0.580430

LA LT T TSN

89,7998

Ll TP R

attwskneNenman

0.460246

HREEC e

<302315¢-03

PHENC N st

0.267142

e el L LT

167,000

ATA 4,1
——————,

70,0000

PeNE R e R g

1780, 00

aiadatatat R T T SV

0 +1877980-04

Hrerrannane

!07 000

teRansenes e

Ll b L T g

P,4%798

L LT LT Yoy v

.610352L=04

Al R L LTSN

0 387769?“01

LR T PV

IS 5001

el L LT e,

fTA 6

$1.8000

DAl LT TR esprny N

1160.00

TErRerEnannng |

=, 144589

creasaannenan o

194,940

uncannnhm-na.

- ———
8TA 7
] (S

“ 567318

BB chooEbeRme

.8]”500ﬂ“0!

N T T
-32a070003 | Tovasrn
N T

et R T T U

30,6000

oreerrnenn

1971 .40

TrheEnennany

HeLRfrTReEne

199,994

LOW SPELD $POOY,
DERIVATIVE o

MAIN COMBUSTOR

2 9200,00 RPM
a0, 1007398~0l RPM/SEC

FUEL FLOW ¢ 31,70000

BLEED MASS FLOWS--

HIOH SPEED gpooL
DEREV B

AFTERBURNGA rutt

VATIVE

8 11900.0
0.698657€~
FLOW =

Lo 2.80000

RPM
02RPyY/8EC

VARIABLE GEUMETRY el
LOW PRESSURE = 1,43999 ~2,50000 PSHIEY u-, 238105602
HIOH PRESSURE = 17,2000 CV P 3 4,000090 COHIFT 20.211876L-07
OVERBOARD 40,260009 THROAT AREA = 880.590
CONVERGED STEADY StArg POINT
TIME = 0.0000 SECONDS
8TA 2 STA 13 8TA 2.2 8TA 3 STA 4 STA 4,1 8TA 6 STA 7
—— ————— — ——
PRESSURE 14,6960 34,6588 36.1078 267,425 256,402 70,1201 32,0049 30.815¢
TEMPERATURE 518,670 696.450 697,538 1323.54 256,18 1777 29 1161.02 1969.81
DERIVATIVE 0 323497E~02 -.141692 0 165711E~01 .6918068°Ol 0.89321§E- 1 0 2463358*01
MASS FLON 193, 173 65.9211 107 252 88.3117 90 0111 107 248 194,612 197 412
DERIVATIVE 0 976563E*01 0.2246096-01
STORED HASS 6 76381 0.915411 0. 46!673 2.46546 2,23941 1.05091
DERIVATIVE .1676475-03 ~+308176E~03 |0, 643730603 |- 198364E-03 0.3051768*04 0 419617E~0§
ENEROY DER. 0.2168075*01 ~.12920¢ 0 7650436 ~02 {-.170439 0.200027 0 2586776“01
DELTA H 166 718 75,1262
LOW SPEED SpooL = 9172.8

DERIVATIVE = ¢,

RPM
1811756*01 RPM/SEC

MAIN COMBUSTOR FyEL 1.0l = 1,70000

BLEED MASS FLOWS--
LoW PR S° URE &
ESSURE =

HIGH P

1, 44300
17,23

OVEEBOARD “0.26056

HIGH spE
DERT

ED SPOOL = 11889,5 RPM
IVATIVE = °.6992735~01RPM/SEO

AFTERBURNER FUEL FLOW = 2,80000
VARIABLE OEONETRY e

3

c
YHROAT A

(6) Operating point 5,
14 - Concluded,

Flgure

~2.50000
4,00000
REA =

560 000

ESUIFY B
CSHIFT =0,48




- A A A i"‘*“
C)
L |
ORIGINAL PAGE iy
YF POOR guiaLryy
Carraction Vo |
coafficlont
] 1, 0000000
? 1, 0000000
3 1, 0000000
4 1, 0000000
5 0, 9915240
0 1, 0000000 [ |
7 1, 0028696
8 1, 0000000
9 1, 009978
10 1, 0024300
1 1, 0010843
12 1, 0267143 ‘
13 1, 0045977 |
14 0, 99256819
15 1, 7016937
16 1, 0226727
17 0, 99627388
18 1, 0000000
19 1,0089293
Flgure 18, « Correction coefficlonts
for dry desigh point,
Wogy Wyt
P2.2| P3 P31 Py Py P4\ P41
AT RER ee| g Nyl =gl o
o | Bl T3 0w | 8 EEl SR B SR B
2./ § 82| =3[ ds| 5| by |22 0y | 5 " | = 2 i
J % . \ Qur Ury
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Flgure 16, « Computational flow diagram of turboshatt engine,
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Flgure 17, = Transient response of a small turboshatt engine to s« - '
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